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FREQUENCY DEPENDENCE OF PULSE WIDTH FOR 150
RADIO NORMAL PULSARS
J. L. Chen1,2, H. G. Wang3,4
ABSTRACT
The frequency dependence of pulse width is studied for 150 normal pulsars, mostly selected
from the European Pulsar Network, for which the multifrequency 10% pulse widths can be well fit
with the Thorsett relationshipW10 = Aν
µ+W10,min. The relative fraction of pulse width change
between 0.4 GHz and 4.85 GHz, η = (W4.85 −W0.4)/W0.4, is calculated in terms of the best-fit
relationship for each pulsar. It is found that 81 pulsars (54%) have η < −10% (group A), showing
considerable profile narrowing at high frequencies, 40 pulsars (27%) have −10%≤ η ≤ 10% (group
B), meaning a marginal change in pulse width, and 29 pulsars (19%) have η > 10% (group C),
showing a remarkable profile broadening at high frequencies. The fractions of the group-A and
group-C pulsars suggest that the profile narrowing phenomenon at high frequencies is more
common than the profile broadening phenomenon, but a large fraction of the group-B and group-
C pulsars (a total of 46%) is also revealed. The group-C pulsars, together with a portion of
group-B pulsars with a slight pulse broadening, can hardly be explained using the conventional
radius-to-frequency mapping, which only applies to the profile narrowing phenomenon. Based on
a recent version of the fan beam model, a type of broadband emission model, we propose that the
diverse frequency dependence of pulse width is a consequence of different types of distribution
of emission spectra across the emission region. The geometrical effect predicting a link between
the emission beam shrinkage and the spectrum steepening is tested but disfavored.
Subject headings: methods: statistical — pulsars: general — radiation mechanisms: non-thermal
1. INTRODUCTION
It is well known that radio pulsars have di-
verse frequency dependence of average pulse pro-
file. Some pulsars exhibit a stable pulse mor-
phology within a wide range of radio frequen-
cies, while some others show remarkable variation
in pulse shape and/or pulse width (e.g., Rankin
1983a; Hankin & Rickett 1986; Lyne & Manch-
ester 1988, hereafter LM88; Johnston et al. 2008;
Hankins & Rankin 2010). Opposite trends have
been observed among the pulsars with frequency-
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dependent profiles. For example, in a wide fre-
quency range from tens of megahertz to a few
gigahertz, the double components in the profile
of PSR B1133+16 get closer as the frequency in-
creases (e.g., Thorsett 1991; Phillips & Wolszczan
1992; Hassall et al. 2012), while the double com-
ponents of PSR B1919+21 get closer as the fre-
quency decreases (Lyne et al. 1971; Hassall et al.
2012).
The frequency dependence of pulse width or
component separation, a major property of profile
morphology evolution, has been extensively stud-
ied. In many early studies it was suggested that
the pulse component separation decreases with in-
creasing frequency but breaks into two power laws
for most pulsars (Craft & Comella 1968; Lyne
et al. 1971; Sieber et al. 1975; Rankin 1983b;
Slee et al. 1987). By collecting a large number
of published profiles for seven pulsars with dou-
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ble or multiple components, Thorsett (1991) stud-
ied the frequency dependence of peak separation
between the outmost leading and trailing compo-
nents. Unlike the early studies, they found that a
simple power-law function with a constant term,
∆θ = Aν−α +∆θmin (hereafter Thorsett relation-
ship), is enough to fit the data for each pulsar.
Using a sample of 10 pulsars with conal compo-
nents (including the 7 pulsars studied by Thorsett
1991), Mitra & Rankin (2002, hereafter MR02)
demonstrated that the Thorsett relationship is
applicable to the beam radii derived from three
kinds of pulse widths, i.e. W10, the full width at
the 10% level of pulse peak, W50, the full width
at the 50% level of pulse peak, and the peak
separation. Based on the fit results, they sug-
gested three kinds of beam-radius-to-frequency be-
haviors: a continuously decreasing trend of pulse
width with increasing frequency (PSRs B0301+19,
B0525+21, B1237+25, and B2045−16), a decreas-
ing trend but approaching a constant pulse width
at high frequency (PSRs B0329+54, B1133+16,
and B2020+28), and a nearly constant trend of
pulse width (PSRs B0834+06, B1604−00, and
B1919+21).
The decreasing pulse width trend is usually in-
terpreted with a scenario of narrowband emission,
called radius-to-frequency mapping (RFM, Kome-
saroff et al. 1970; Cordes 1978), which assumes
that high-frequency emission is generated at a low
altitude and vice versa. Different emission models
predict different indices for the RFM relationship,
r ∝ νδ. The index could be −0.33 in the inner vac-
uum gap model (Ruderman & Sutherland 1975),
−0.45 in the electron-bremsstrahlung model (Vir-
tamo & Jauho 1973), or −0.14 (or −0.29) in the
curvature-plasma model (Beskin et al. 1988). In
a model involving the propagation of waves in the
pulsar magnetosphere (Barnard & Arons 1986),
the index may vary between −0.5 and 0 depending
on the plasma density distribution and wave mode
regimes (both narrowband and broadband scenar-
ios were studied in this model). Dyks et al. (2010)
proposed an alternative broadband interpretation
in their stream-like fan beam model, which as-
sumes that each thin and elongated plasma stream
forms a split-fan beam via the curvature radia-
tion. In this model, high-frequency pulse nar-
rowing is not caused by the RFM, because the
broadband emission is assumed to come from a
narrow range of altitude; instead, it results from
both the plasma density gradient at the outskirts
of the stream and the intrinsic effect of the curva-
ture beam.
Obviously, the phenomena of constant and in-
creasing trends of pulse width with increasing fre-
quency cannot be explained by the traditional
RFM scenarios with negative indices. Accord-
ing to the empirical morphology classification
for radio pulsars developed by Rankin (1983a),
the profiles of PSRs B0834+06, B1604−00 and
B1919+21 are dominated by the inner conal com-
ponent (Rankin 1990); therefore, MR02 suggested
that the inner conal component may show a dif-
ferent type of behavior from the outer conal com-
ponent. In a more physical model invoking the
inverse Compton scattering (ICS) of megahertz-
frequency waves by relativistic particles to gen-
erate the radio emission, it is suggested that the
outer cone follows the RFM-type frequency de-
pendence, while the inner cone follows the oppo-
site trend and the core component only shows a
marginal pulse-width narrowing throughout the
radio waveband (Qiao 1988, Qiao & Lin 1998,
Qiao et al. 2001). In the stream-like fan beam
model (Dyks et al. 2010), the absence of pulse
width variation is explained as a consequence of
the fixed extent of the stream in the magnetic az-
imuth and the broadband nature of the emission.
Although this issue has been studied exten-
sively, only dozens of pulsars have been involved in
those studies, and pulsars with the RFM-type fre-
quency dependence have become the focus of those
studies. The largest sample used to investigate the
pulse width change is a group of 87 pulsars in Ki-
jak et al. (1998, hereafter K98), who compared
the pulse widths W10 at 1.4 GHz and 4.85 GHz.
Their results show that 57% of the pulsars exhibit
a decrease in pulse width fraction1 exceeding 5%,
41% of the pulsars showmarginal pulse-width vari-
ation, namely, the absolute pulse width fraction
being less than 5%, and only 2% of the pulsars
show an increment of pulse width fraction exceed-
ing 5%. However, this is still a small portion of
the 1079 pulsars in the profile database of the Eu-
ropean Pulsar Network (EPN), where thousands
1The pulse width fraction is defined as (W4.85−W1.4)/W1.4,
where W1.4 and W4.85 are the pulse widths at 1.4 GHz and
4.85 GHz, respectively.
2
of multifrequency profiles are archived.
This paper endeavors to perform a census of the
frequency dependence of the pulse widths for nor-
mal pulsars by using the EPN database as well as
some other small data sets in the literature. More
than 170 normal pulsars with multifrequency pro-
files are selected following several criteria. The
Thorsett relationship is used to fit the relation-
ship between the pulse width and the observing
frequency. The paper is organized as follows. In
Section 2, we describe our data reduction method.
In Section 3, the results of the best-fit parameters
and the grouping of the sample in terms of the rel-
ative fraction of pulse width change are presented.
In section 4 we discusses possible explanations for
the diverse frequency dependence of pulse width,
but we mainly focuses on a new broadband in-
terpretation. In Section 5, we test the geometric
effect wherein the shrinkage of beam size may in-
duce steepening of the spectrum. We present our
conclusions and discussions in Section 6.
2. DATA REDUCTION
The EPN database is currently the largest mul-
tifrequency pulse profile database. Since the lat-
est update of EPN in 2005, there have been few
new multifrequency data sets published in litera-
ture. We note that Johnston et al. (2008) pub-
lished pulse width data at five frequencies from
243 MHz to 3.1 GHz for 34 pulsars, of which three
are not archived in the EPN. The 3.1 GHz profiles
fill the gap between 2 GHz and ∼5 GHz for those
pulsars archived in the EPN database. In addi-
tion to the data for this paper, we also collected
the profile data from some other papers, that are
complementary to the EPN. A total of 171 nor-
mal pulsars are selected from the EPN database
and the complementary papers with the following
criteria. (1) The signal-to-noise ratio of pulse pro-
file must be high enough to ensure that the mea-
sured W10 is not affected by the noise near the
edge of pulse wings. (2) There are at least four
available frequencies, and the highest frequency is
at least three times the lowest one for each pul-
sar, in order to keep a relatively wide frequency
range and enable a reliable fit for the pulse width-
frequency relationship. (3) The average pulse pro-
files are not significantly affected by the interstel-
lar scattering effect or poor sampling of phase bins.
Those profiles with less than 200 sampling bins
are excluded.2 The frequency range differs in dif-
ferent pulsars (see Tables 1-4), from the widest
one within 400 MHz−32 GHz to the narrowest
one within 400 MHz−1.4 GHz, depending on the
quality of pulse profiles available. The references
related to the used profiles of these pulsars are
listed in Table 1, where the papers with profiles
not archived in the EPN are marked with “*”,
and the others are all archived in the EPN.
The most commonly published pulse width
data are W50 and W10. For many pulsars with
double or multiple components, the heights of the
outermost components are below the half maxi-
mum peak height at some frequencies. This will
cause irregularity in the frequency evolution of
W50. In order to reduce the influence of this effect,
we prefer to use W10, which is measured at the
10% level of the maximum peak of pulse profile.
Our results show that selecting W10 does provide
acceptable fit in most cases. When the W10 data
measured with the same method are available, we
adopted the values from the literature (see the
papers marked with “†” in Table 1, otherwise we
measured the width with the profiles downloaded
from the EPN database or reproduced from the
relevant papers. When the error of W10 is not
available from the literature, it is estimated by
counting the contribution from the sampling time
interval, the dispersion smearing and the scatter-
ing, of which the latter two are determined using
the published dispersion measure, the observing
frequency and the channel bandwidth in the rel-
evant observations. The total error is the square
root of the sum of the squares of three uncertain-
ties.
We have discarded some W10 data that are
strongly affected by the evolution of the profile
shape and hence violate the Thorsett relationship.
In all of these cases one of the leading and trail-
ing components is apparently below the 10% peak
2Most pulsars in the sample have 256 or more phase
bins, except the following ones with the bin numbers
between 200 and 256 at particular frequencies: PSR
B0316+57 (408 MHz, 244 bins), B0540+23 (408 MHz,
209), B0740−28 (610 MHz, 244), B1556−44 (1560M, 243),
B1735−32 (1400 MHz, 252), B1819−22 (410 MHz, 254),
B1900−06 (1642 MHz, 223), B1930+22 (925 MHz, 250;
1408 MHz, 235), B1933+16 (610 MHz, 242; 1642 MHz,
229), B2027+37 (410 MHz, 216), B2053+36 (610 MHz,
244), B2324+60 (606 MHz, 205, 1600 MHz, 204).
3
intensity level at some frequencies while becoming
prominent at the other frequencies; therefore, the
W10 data measured when the outrider is too weak
are inconsistent with the other data.3
The W10 data are fitted versus the observing
frequencies ν (in units of GHz) with the Thorsett
relationship:
W10 = Aν
µ +W10,0, (1)
where the best-fit coefficient A, asymptotic con-
stant W10,0, and index µ are obtained with the
weighted Levenberg−Marquardt nonlinear least-
square fitting algorithm. A and W10,0 are con-
strained to be non-negative values. The parame-
ter errors at the 95% confidence level are estimated
by searching for the parameter space that satisfies
χ2 ≤ χ2min +∆χ
2 within the linearly spaced grids
around the optimized values of these three param-
eters, where χ2min is the minimized least square
and ∆χ2 is the chi-square increment correspond-
ing to the 95% confidence level for a degree of free-
dom N − 3, where N is the number of data points
for each pulsar and 3 is the number of free model
parameters (Press et al. 2007).
The probability Q that χ2 exceeds χ2min +
∆χ2 by chance is determined with Q = 1 −
P (N/2 − 1, χ2/2), where P (a, x) is the incom-
plete gamma function defined as P (a, x) =∫ x
0
e−tta−1dt/Γ(a)(a > 0) (Press et al. 2007).
The following two considerations are taken into
account to judge whether the fit is acceptable or
not. (1) If Q is extremely small (equivalently very
large reduced χ2), and the data points are very
scattered without clearly showing a monotonic
trend, then the fit will be rejected. When Q is
very small (mainly influenced by the data points
with small errors in a mildly scattered data set)
but the best-fit curve can well represent the mono-
tonic trend of pulse width variation, the results
are still accepted. (2) In order to compare the dif-
ference in pulse width variation between pulsars,
we determine the pulse widths at 0.4 GHz and
4.85 GHz using the best-fit relationship and then
determine the fraction of pulse width change for
3They are PSR B0355 + 54 below 900 MHz (weak lead-
ing component, Gould & Lyne 1998), PSR B1730−22 at
243 MHz (weak trailing component, Johnston et al. 2008),
PSR B1822−09 at 400 MHz (weak leading component,
Gould & Lyne 1998), PSR B1857−26 at 243 MHz (weak
leading component, Johnston et al. 2008).
each pulsar. However, we find that in some pul-
sars of which the best-fit relationship is obtained
from a limited frequency range, e.g., lower than
3 GHz or higher than 0.6 GHz, the extrapolated
pulse widths are incredibly too large, although
the Q values look acceptable. We exclude such
cases with extrapolation problems. We eventually
obtain a sample of 150 pulsars with acceptable
results out of the total 171 pulsars. Among the 21
discarded pulsars, three cases have poor Q values
and non-monotonic trends, while the others have
the extrapolation problem.
3. RESULTS
The best-fit model parameters and their 95%
confidence intervals are listed in Columns 3-5 in
Tables 2-4, together with the other parameters re-
lated to the fit in Columns 2, 6-8, including the ob-
serving frequency range, the number of data points
N , the minimum chi-square χ2min and the proba-
bility Q. The best-fit W10 − ν relationship is pre-
sented for each pulsar in Figures 1-3. We should
note that the confidence intervals are normally
broad, because the three free parameters in the
Thorsett relationship are highly correlated. For
example, if W10 is nearly constant at multiple fre-
quencies, e.g., in PSRs B0105+65 and B0450− 18
(see Figure 2 for theW10−ν curves), the best-fit A
would be close to 0, then the relationship would be
insensitive to µ, which means that the uncertainty
of µ would be very large.
Below, we first present the statistical proper-
ties of the best-fit parameters and demonstrate
that any single parameter is not suitable for clas-
sification, and then we show the global picture of
the relative fraction of pulse width change deter-
mined using the best-fit relationship, on the basis
of which the pulsars are divided into three groups
as listed in Tables 2-4. Finally, we investigate
whether different groups are associated with differ-
ent physical parameters and morphology classes.
3.1. Statistical Properties of the Best-fit
Parameters
µ is a parameter that can directly reflect the
decreasing or increasing trend of pulse width evo-
lution. Among the 150 pulsars, 105 have µ < 0
and the other 45 have µ > 0, irrespective of their
errors. However, it is inappropriate to use µ as a
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Fig. 1.— 10% peak pulse width W10 vs. the observing frequency ν for 81 group-A pulsars. The best-fit
Thorsett relationship is presented as a solid curve for each pulsar. All of these pulsars have η < −10%,
where η = (W4.85 −W0.4)/W0.4 is the relative change of W10 between 4.85 GHz and 0.4 GHz. See the text
for details.
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Fig. 2.— W10− ν diagrams for 40 group-B pulsars. The best-fit Thorsett relationship is presented as a solid
curve for each pulsar. The criterion for this group is |η| ≤ 10%.
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Fig. 3.— W10− ν diagrams for 29 group-C pulsars. The best-fit Thorsett relationship is presented as a solid
curve for each pulsar. The criterion for this group is η > 10%.
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single parameter to classify the frequency depen-
dence of pulse width because of the following two
reasons. First, the distribution of µ (Figure 4),
mostly concentrated in −1 ≤ µ ≤ 1, is continu-
ous and peaked near 0. Considering the uncer-
tainty of µ for those pulsars close to µ ∼ 0, it is
impossible to identify a clear boundary for neg-
ative and positive indices. Second, the Thorsett
relationship, due to the presence of a third pa-
rameter W10,0, makes µ not always a straightfor-
ward and thorough parameter to describe the fre-
quency dependence of pulse width, in other words,
a large |µ| does not always represent a steep trend
throughout the frequency range. For example,
let us compare PSRs B0942−13 and B0052+51,
where µ = −10.9 and W10,0 = 7
◦.3 for the former
and µ = −0.1 and W10,0 = 0
◦.1 for the latter.
Obviously, the width change of PSR B0942−13
(see Figures 2) is less prominent than that of PSR
B0052+51 for most of the frequency range above
0.4 GHz (Figure 1), even though the former has a
much steeper µ than the latter, because a larger
W10,0 makes the former relationship become much
flatter at high frequencies.
W10,0 is a quantity that the pulse width asymp-
totically approaches as the frequency increases, in
the case µ < 0 or as the frequency decreases, in the
case µ > 0. MR02 used the asymptotic term ρ0 in
another Thorsett relationship, ρ = ρ0 + (ν/ν0)
µ,
to distinguish the 10 pulsars studied into 3 groups:
the first group consisted of four pulsars with µ < 0
and a very small ρ0, the second group consisted
of three pulsars with µ < 0 and larger ρ0 values
than those in the first group, and the third group
consisted of three pulsars with nearly a constant
beam radius (µ is set as 0 in their fit). In other
words, the former two groups both show a decreas-
ing trend of pulse width, but the relationship of
the first group is much closer to a pure power law.
SinceW10,0 andW10 can be converted to the beam
radii ρ0 and ρ if we know the inclination angle be-
tween the spin and magnetic axes and the impact
angle between our line of sight (LOS) and the mag-
netic axis, it is worth examining whether MR02’s
finding also exists in our sample.
We plot the sequence diagrams of W10,0 for a
sub-sample of 105 pulsars with µ < 0 and a sub-
sample of 45 pulsars with µ > 0, as shown in
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Figures 5(a) and (b), respectively, where W10,0
and the 95% confidence intervals (gray horizontal
lines) are displayed one after another vertically. In
panel (a), it seems that there is a “gap” between
W10,0 ≃ 0
◦.4 and 3◦.5, as shown by the two dashed
lines, wherein only two data points are located.
Although the confidence intervals of most pulsars
are large and cover the gap region, the probability
that such a gap is purely a coincidence seems to
be very small. When only the data with µ < −0.1
are used to avoid the uncertainty in the sign of
µ for those pulsars with µ ∼ 0, the gap still ex-
ists. However, in panel (b), there is no evidence
for such a gap, even when the data with µ > 0.05
are used. Because a very small W10,0 can also be
related to a ρ0 that is not as small, depending on
the viewing geometry, it would be interesting to
study whether this gap still holds when convert-
ing W10,0 to ρ0, which demands a sample of pul-
sars with well-constrained inclination and impact
angles. Since in this paper we focus on the general
trends of pulse width change, the gap problem of
W10,0 will be investigated elsewhere.
A is highly correlated with the other two pa-
rameters, as can be seen from the µ − A and
W10,0 − A diagrams in Figure 6. Generally, very
small A values are related to very large (posi-
tive) or very small (negative) µ and relatively large
W10,0 values. This situation usually occurs when
the pulse width undergoes a much steeper decreas-
ing (or increasing) trend in a small fraction of fre-
quency range near the low (or high) frequency end
than in the other frequency range, with the re-
sult that a prominent negative or positive index
is needed to model the abrupt change, and mean-
while a very small A is needed to cancel its influ-
ence in the other frequency range. PSR B0254−53
and PSR B0523+11 are of this kind (see Figure 1)
for the width-frequency curves). For those pulsars
that can be modeled by a relationship close to a
pure power law, i.e., W10,0 ∼ 0, a relatively large
A and a normal index are needed, as can be seen
from both panels in Figure 6.
3.2. Relative Fraction of Pulse Width
Change
The above results show that using any single
parameter of A, µ, or W10,0 is not enough to iden-
tify different frequency-dependent behaviors of the
pulse width. In order to assess the pulse width
evolution, we selected three commonly used low,
middle and high frequencies in the EPN database,
that is, 0.4 GHz, 1.4 GHz, and 4.85 GHz, and cal-
culated two fractions of pulse width change, η =
(W4.85−W0.4)/W0.4 and η
′ = (W4.85−W1.4)/W1.4,
where W0.4, W1.4 and W4.85 are the 10% pulse
widths determined using the best-fit Thorsett re-
lationship at the subscripted frequencies. The ad-
vantages of using these fitted pulse widths rather
than the observed data are as follows: (1)this
method can reduce the bias caused by the ran-
dom uncertainties in the observed data, especially
when there are two different width values at a
single frequency, and (2) this method can be ap-
plied to the pulsars without the observation at
4.85 GHz, and hence expand the sample. These
fractions, to a large extent, can describe different
cases of pulse width variation, no matter that the
pulse width decreases sharply at low frequencies
and then mildly at high frequencies (due to large
|µ| and W10,0), or varies steadily throughout the
frequency range (due to W10,0 ∼ 0). Another rea-
son to select 1.4 GHz and 4.85 GHz is to compare
our results with those given by K98, who used the
same frequencies to calculate η′ for a sample of
87 pulsars, of which 66 are also used in our sam-
ple. We are curious to see what is new when the
sample is nearly doubled. The results are listed in
Columns 9 and 10 in Tables 2-4. The 95% confi-
dence intervals of η are simultaneously determined
when performing a grid search for the confidence
intervals of the best-fit parameters, as presented
in Column 9 of Tables 2-4.
The histograms of η and η′ are presented in Fig-
ure 7, which shows continuous distributions. The
global feature is now very clear: many pulsars
show considerable pulse width shrinkage, some
pulsars have marginal variation, and the remain-
ing pulsars exhibit notable width increment. This
single-humped continuous distribution, similar to
the continuous distribution of µ, suggests that
there are no clean boundaries for classifying the
frequency dependence of pulse width into some
completely different types. Nevertheless, as a
practical or a phenomenological choice, it is still
possible to select a reference value of η to sep-
arate the pulsars into three groups, which show
a remarkably decreasing trend (hereafter group
A), a marginal width variation (hereafter group
B) and a considerably increasing trend (hereafter
9
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group C), respectively. It should be emphasized
that such a criterion does not indicated an explicit
physics boundary for different groups.
According to the distribution of η, we use 10%
as the criterion for the three groups, namely, group
A with η < −10%, group B with −10%≤ η ≤ 10%
and group C with η > 10%. The boundaries of
the groups are also shown by the dashed lines in
Figure 7(a). We select 10% rather than a smaller
percentage because, on the one hand, this percent-
age is close to the uncertainty of η (at the 1σ level)
for most pulsars in group B, on the other hand,
the 10% change of the typical pulse width of 20◦
at 0.4 GHz is 2◦, which is comparable to the typ-
ical uncertainty of 1◦ − 2◦ of the observed W10
data. Therefore, for group B, it means roughly
that these pulsars have a marginal width variation
within the errors. Based on this criterion, groups
A, B ,and C have 81, 40 and 29 pulsars, occupying
54%, 27% , and 19% of the sample, respectively.
In group B, the number of pulsars with decreasing
pulse width is about 50% higher than that of pul-
sars with increasing pulse width irrespective of the
error of η. In group C, a few pulsars have η values
larger than 100%, which are not seen in group A.
This is caused by the dramatically increasing trend
of pulse width in these pulsars, as can be seen from
the width-frequency curves in Figure 3 for PSRs
B0320+39, B1642−03, B1946+35, B2217+47, etc.
Note that all these large fractions are for the pul-
sars with data above 3 GHz (one at 3.1 GHz and
the others above 4.7 GHz), so they are reliable.
Our results of η′ largely modify the global pic-
ture obtained by K98. In Figure 7(b), the his-
togram of η′ (black) is compared with the his-
togram of the same width fraction taken from K98
(red). A striking difference is that our results show
a much higher percentage of pulsars with a pulse
width broadening. Note that |η′| is always smaller
than |η|, we use a criterion of 5% to group the pul-
sars and compare them with K98’s results. It is
found that 42.0% of the sample (63 pulsars) have
η′ < −5%, similar to 41% in K98, 36.7% (55 pul-
sars) have −5%≤ η′ ≤ 5%, smaller than 57% in
K98, and 21.3% (32 pulsars) have η′ > 5%, con-
siderably larger than 2% in K98.
Based on a large sample, our results reveal a
more comprehensive picture of the frequency evo-
lution of the pulse width, particularly at a point
where the pulsars with a weak pulse width varia-
tion and a prominent high-frequency profile broad-
ening are nearly numerous those with a notably
decreasing trend (groups B+C : group A = 46% :
54%).
The group-C pulsars have been largely over-
looked by many quantitative studies related to the
pulse width evolution. Among these works, the
first type is the study of the frequency dependence
of pulse width or component separation (see refer-
ence in Table 5), the second type is the study of the
RFM index (see reference in Table 6). In order to
clarify this point, we collected 110 pulsars studied
by the first type (Table 5) and the 45 pulsars stud-
ied by the second type (Table 6). In the first type
of study, only seven pulsars are clearly identified
with the increasing trend of pulse width or compo-
nent separation, as marked with a symbol “†” in
Table 5.4 In the second type of study, except for
PSRs the B0834+06, B1604-00 and, B1919+21,
which are regarded as pulsars without a frequency
dependence of beam radius by MR02, all the oth-
ers are identified as pulsars with negative RFM
indices. In fact, according to our results, 36 of
the 45 pulsars in Table 6 belong to group A, 12
pulsars belong to group B and the remaining 3
pulsars belong to group C. The main reason that
we find different trends for some pulsars is that we
use data at a wider frequency range. For instance,
when the pulse width data at frequencies above
2.5 GHz are used for PSR B1604−00, we found
a clear decreasing trend of pulse width (see Fig-
ure 1), but MR02 found a nearly constant trend
when using the data below 2.5 GHz. In view of
the above facts, the pulsars with the nearly con-
stant and the increasing trends, due to their large
fraction, should not be neglected when developing
a general emission model for radio pulsars.
MR02 suggested that the behavior of the pulse
profile shrinkage is normally related to the outer
conal component, while the absence of pulse width
variation is usually associated with the inner conal
4The component separations of PSRs B0834+06 and
B1919+21 were found to increase with increasing frequency
by several independent studies, e.g., Lyne et al. (1971),
Sieber et al. (1975), Rankin (1983b), Slee et al. (1987) and
Hassall et al. (2012, only B1919+21). K98 pointed out
that the pulse width at 4.85 GHz exceeds that at 1.4 GHz
for PSRs B0402+61, B0450-18, B0626+24, B0906-17 and
B1818-04. In fact, when examining a wider frequency
range, we found that PSR B0402+61 belongs to group A,
but PSRs B0450-18 and B0906-17 belong to group B.
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component. In order to test this scenario, we
collect the morphological types given by Rankin
(1990, 1993), as listed in Column “R90” in Tables
2-4, where the terms “single”, “double”, “triple”,
and “multiple” in the table note mean that the
pulse profile consists of a single, double, triple,
or multiple visible components. For many pul-
sars belonging to the “conal single”, the “conal
double”, and the “triple” types, it was not well
determined in the literature whether the conal
components come from the outer cone or the in-
ner cone. However, it is certain that the outer-
most outriders of “multiple” profiles are from the
outer cone. The table shows that both the core
and the conal components, including the outer
cones in “multiple” profiles, can contribute to
all three groups. We also collected the classifi-
cation given by LM88, as listed in the last col-
umn in Tables 2-4, where they classified four basic
types: the core-dominated (“core” in the table),
the cone-dominated (“cone”), cones with cores
(“core-cone”), and partial cones (only a part of
a cone is bright). There is no correlation between
the profile type and the frequency development of
pulse width under this classification system.
We also checked whether these groups show any
difference in the parameters derived from P and P˙ ,
e.g., the magnetic field, the characteristic age, and
the potential drop between the magnetic pole and
the edge of the polar cap. However, there is no dis-
tinction between their distributions in the P − P˙
diagram (Figure 8), where the pulsars in groups
A, B and C are plotted by the black dots, the
“+” symbols, and squares, respectively. There-
fore, the diversity in the frequency development
of pulse widths is unlikely to be related to a single
physical parameter.
3.3. Morphology-induced Pulse Width
Change
Pulse width change is usually associated with
the frequency development of pulse morphology,
e.g., merging of components, profile bifurcation, or
the relative intensity variation between the lead-
ing and trailing components. Many authors have
noticed that in some pulsars, new outer compo-
nents emerge in high-frequency profiles, whereas
in some other pulsars, low-frequency outer com-
ponents disappear at high frequencies. The for-
mer case may lead to an increasing trend of pulse
width while the latter case may lead to a decreas-
ing trend.
We have examined the sample for this effect
and found that five pulsars in group A and eight
pulsars in group C are apparently influenced by
the morphology evolution, including (group A)
PSRs J0134−2937, B0144+59, B0355+54 (above
0.9 GHz), B1717−16, B1738−08, and (group C)
PSRs B1556−44, B1642−03, B1732−07, B1821+05,
B1911−04, B1920+21, B1944+17 and B1946+35.
For the five group-A pulsars, the decreasing pulse
width is caused by the dramatic fading of the
outer components at high frequencies. In con-
trast, for the nine group-C pulsars, the increasing
pulse width is induced by the rise of the outer com-
ponents. Their multifrequency profiles from the
EPN database are shown in Figures. 9 and 10,
respectively. Unlike some discarded pulsars for
which the apparent morphology evolution leads
to a non-monotonic frequency dependence of the
pulse width, the 13 pulsars presented here follow
the Thorsett relationship.
The above pulsars are the extreme cases of
morphology evolution. Although the fraction of
extreme cases in group C is larger than that in
group A, we should stress that the pulse width
change associated with a mild morphology evo-
lution is also very common in group C. For in-
stance, one can find several examples in group C
showing a single profile broadening with increas-
ing frequency, e.g., PSRs B1818−04, B1851−14,
B1900+01, B1915+13, B2053+36 and ,B2217+47
(see the EPN database).
In many previous studies, the association be-
tween the merging of outer components in dou-
ble, triple, and multiple profiles and the decreas-
ing trend in pulse width is widely acknowledged.
This is normally interpreted as the shrinkage of
the emission cone at high frequency. However, the
component merging is only one type of morphol-
ogy evolution. For many pulsars, including the
previously mentioned extreme and mild cases, it
is more appropriate to describe their morphology
evolution as a picture wherein different parts of
the pulse profile follow different spectral behav-
iors. From our perspective, the frequency depen-
dence of pulse width, together with the morphol-
ogy evolution, can be interpreted as a consequence
of the variation of the emission spectrum across
the emission region in the pulsar magnetosphere,
12
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Fig. 10.— Normalized multifrequency profiles of eight pulsars in group C, for which the increasing trend of
pulse width variation is apparently induced by the rising of the outermost components at high frequency.
The data are taken from the EPN database. The profiles are aligned in phase by eye.
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as will be presented in detail below.
4. INTERPRETATION of DIVERSE FRE-
QUENCY DEPENDENCE of PULSE
WIDTH
We divide the emission models into narrowband
and broadband models according to whether the
emission from a single altitude is narrowband or
broadband. In the following, we discuss the inter-
pretations based on these two kinds of models sep-
arately. Narrowband emission mechanisms nor-
mally generate the conal emission beam.Due to the
general shortcoming of current conal beam models
when it comes to explaining the observed patchy
beams of some precessional binary pulsars and a
couple of statistical relationships as presented by
Wang et al. (2014), we will concentrate on the
broadband interpretation.
4.1. Interpretation Based on Narrowband
Models
Incorporating the conventional RFM (hereafter
CRFM), which assumes that the emission is nar-
rowband at a given altitude and the emission
frequency increases with decreasing altitude, the
conal beam model can successfully explain the be-
havior of pulse profile narrowing at high frequen-
cies. Using this model, in order to account for the
behavior of quasi-constant pulse width, one has to
modify the CRFM scenario by assuming that the
emission at a wide range of frequencies is gener-
ated from a single altitude or a very narrow alti-
tude range (non-RFM). As to the behavior of pro-
file broadening, one must assume that the emission
altitude increases with increasing frequency (here-
after anti-CRFM). A question then occurs: how
can pulsars have different types of RFM?. A phys-
ical argument for the CRFM is that the plasma
frequency of secondary particles decreases with in-
creasing altitude because the number density of
particles continues to decrease as the plasma flows
out, and hence leads to the CRFM (Ruderman
& Sutherland 1975). However, this mechanism
certainly excludes the possibility of non-RFM and
anti-CRFM. Some other mechanisms mentioned in
Section 1 cannot justify anti-CRFM either.
In an alternative narrowband model, the ICS
model (Qiao 1988, Qiao & Lin 1998, Qiao et al.
2001), emission is generated through the ICS pro-
cess between the low-frequency waves, which are
produced in the oscillatory sparking process in the
inner vacuum gap, and the secondary relativistic
particles. In this model, single-frequency emission
can be generated at three distinct altitudes along
a magnetic field line because of the combination
of the altitude-dependent particle Lorentz factor
and the incident angle between the particle veloc-
ity and the low-frequency wave vector, thus the
whole magnetosphere forms a beam consisting of
a core, an inner cone and an outer cone, which
come from different altitudes. As the model pre-
dicts, the radius of the outer cone shrinks with
increasing frequency, whereas the coral beam ra-
dius varies marginally with frequency, and the in-
ner cone widens with frequency; therefore, it has
more free space to account for various kinds of fre-
quency dependence of pulse width. For example,
when the outer cone is visible, one expects to see
the profile narrowing with increasing frequency;
when the outer cone is too weak and only the in-
ner cone (and/or the core) is visible, one would
see the profile broadening phenomenon.
A cone-shaped radio beam structure is a com-
mon feature of the current narrowband emission
models. This is because when the secondary par-
ticles flow along a ring of open field lines, their
emission at a certain frequency (generated at a
particular altitude) will naturally form a circular
beam or a somewhat deformed beam depending on
the geometry of emission region. However, such
conal beam models have encountered a couple of
challenges, as will be summarized below. It is nec-
essary to look for alternative interpretations to the
pulse width frequency dependence.
4.2. Interpretation Based on Broadband
Models
Two types of broadband models have been de-
veloped to explain the frequency dependence of
the pulse width: the model invoking the wave
propagation effects (Barnard & Arons 1986), and
the fan beam model invoking the broadband and
coherent emission from particle streams along
magnetic flux tubes (Michel 1987; Dyks et al.
2010; Dyks & Rudak 2012; Dyks & Rudak 2013,
Wang et al. 2014). Michel (1987) proposed an
early version of the fan beam model, where some
narrow isolated flux tubes in non-dipolar magnetic
fields generate wide individual fan beams via the
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coherent curvature radiation. On the one hand,
the author adopted the CRFM while, on the other
hand, he suggested that each flux tube (or beam
component) may have its own spectrum. The sec-
ond point is valuable, although the author did not
develop a detailed explanation. In this paper, the
general idea of our interpretation is very similar
to that point. In an alternative fan beam model,
Dyks et al. (2010) proposed that thin streams
flowing along bunches of magnetic field lines gen-
erate split-fan beams via the coherent curvature
radiation (see also Figure 1 in Dyks & Rudak 2012
for a schematic). In this model, the low-frequency
broadening of pulse width or component separa-
tion is attributed to the plasma gradient at the
outer surface of the stream and the intrinsic ν−1/3
widening of the curvature beam, while the emis-
sion locations remain frequency independent. This
model also allows for the existence of weak fre-
quency dependence and constancy of pulse width
due to the broadband nature of emission and the
geometry of the streams and the cut of LOS.
Recently, Wang et al. (2014) developed a new
version of the fan beam model, which assumes
that the broadband and coherent emission from
isolated flux tubes form wedge-like beams (as also
suggested by Dyks et al. 2010). The model pre-
dicts that the emission intensity in the beam first
increases when starting from the magnetic axis
and then decrease after passing through a transi-
tion radius; meanwhile, the transverse sub-beam
width increases gradually with increasing beam
radius. The authors presented four pieces of ob-
servational evidence for this model, including (1)
the patchy beam structures of two precessional
binary pulsars, PSR J1141−6545 (Manchester et
al. 2010) and PSR J1906+0746 (Desvignes et
al. 2013); (2) the relationship between the pulse
width and the impact angle for a sample of 64 pul-
sars; (3) the relationship between the modified in-
tensity and the impact angle for the sample; and
(4) the relationship between the pulsar distance
and the impact angle. These observational fea-
tures, as demonstrated in that paper, are difficult
to explain using current conal beam models.
Based on this fan beam model, we present an
alternative interpretation of the diverse frequency
development of pulse width. The original idea was
partially proposed by Chen et al. (2007), who
studied the phase-resolved spectrum (hereafter the
absolute PHRS) of PSR B1133+16 and suggested
that the spectral variation across the emission re-
gion is responsible to the frequency dependence
of the pulse width. In Section 4.3, the absolute
PHRS, the spectrum for absolute phase intervals,
is compared with the normalized PHRS, i.e., the
spectra for normalized phase intervals. We clar-
ify that they are applicable to the broadband and
narrowband emission, respectively. We will show
that the absolute PHRS is a natural interpretation
for the frequency dependence of pulse width under
the broadband assumption.
4.2.1. The Basic Idea
In the case of broadband emission, it is very
likely that the emission spectrum is not homo-
geneous everywhere in a flux tube. For exam-
ple, supposing a single-peak profile coming from
a flux tube, if the spectra in the leading and trail-
ing edge are steeper than that in the central part
of the flux tube, the pulse profile wings will have
steeper spectra with respect to the central pulse
phase. Consequently, the intensity in the wings
will decrease faster than the central phase, and
therefore the pulse width will decrease with fre-
quency. In contrast, if both edges have flatter
spectra than the central part of the flux tube, then
one will see the opposite frequency dependence of
pulse width. Therefore, in this case, the differ-
ent frequency-dependent behaviors of pulse width
can be attributed to the different kinds of distri-
bution of emission spectra across the flux tube or
the whole emission region if there are multiple flux
tubes. Let us explain this in a bit more detail.
• For group-A pulsars, the profile narrowing is
caused by the steepening spectrum toward
the edge of the profile wing, which may be
physically induced by the steepening emis-
sion spectrum from the inner part to the rim
of the emission region.
• For group-B pulsars, the nearly constant
pulse width reflects the absence of spectral
variation in the profile wings, which may be
caused by marginal spectral variation in the
outer part of the emission region.
• For group-C pulsars, the profile broaden-
ing reflects a flattening spectrum toward
the edge of the profile wing, which may be
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induced by a flattening emission spectrum
from the inner part to the rim of the emis-
sion region.
One can see the essential difference between
our interpretation and the narrowband interpre-
tations. In the narrowband interpretations, the
pulse width evolution with frequency is caused
by the beam size evolution, which results from
the frequency dependence of the emission altitude.
In our interpretation, there is no frequency de-
pendence of altitude due to the broadband as-
sumption, and the pulse width change is merely
a byproduct of inhomogeneous emission spectra
across the emission region.
4.2.2. Simulations of the Thorsett Relationship
Cases
In order to quantitatively show how the spec-
tral variation impacts the frequency evolution of
the pulse width, we simulated two cases of spec-
tral index variation with the pulse phase, that is,
the PHRS, one with a steepening spectrum to-
ward the edge of the pulse profile (Figure 11(a))
and the other with the opposite trend (Figure
11(b)). Note that here we do not start the simula-
tions by assuming the spectral index distribution
in flux tubes to avoid the complexity of mapping
phase intervals into a three-dimensional magneto-
sphere. Instead, we directly assume a certain type
of PHRS. This is sufficient to illustrate the gen-
eral idea, because the spectra indices in individual
phase intervals are related to the spectra in differ-
ent parts of the magnetosphere.
For simplicity, the spectral index α across the
pulse phase (PHRS) is assumed to be symmetri-
cal and piecewise, and the initial pulse profile at
the lowest frequency 100 MHz is assumed to be
double-peaked and centered at the phase Φ = 0,
as shown in the right panels of Figures 11(a) and
(b). Given the initial pulse profile at 100 MHz,
the profiles at the other nine frequencies are simu-
lated following the PHRS before the pulse widths
W10 are determined. The frequency development
of the pulse width is then plotted in theW10−ν di-
agrams, as shown by the left panels of Figures 9(a)
and (b), where the best-fit W10 − ν relationships
are also plotted. The normalized average pulse
profiles at 100 MHz (solid), 500 MHz (dashed) and
4100 MHz (dash-dotted) are presented in top right
of each panel of Figures 11(a) and (b). The simu-
lations clearly show that different kinds of PHRS
can lead to different types of pulse width evolution,
which can follow the Thorsett relationship very
well. In fact, the presumed PHRS in Figure 11(a)
is very similar to those of PSR B1133+16 (Chen
et al. 2007), PSR B0525+21 and PSR B2020+28
(Chen et al. 2011), which are derived from phase-
aligned multifrequency profiles published in the
literature (Hankins et al. 1991; Kramer et al.
1997; Kuzmin et al. 1998). The method for de-
riving the PHRS is to divide the profiles into a
handful of phase intervals and then calculate the
relative spectral index for each interval with re-
spect to a reference interval, which is usually near
a pulse peak. Since all the three pulsars belong to
group A, the derived PHRS can be regarded as a
support for this interpretation.
An interesting feature is that the break points
in PHRS can lead to some complex morphology
evolution, e.g., bifurcation, which can be seen in
Figure 11(b) in the leading and trailing compo-
nents at 4100 MHz, where the bifurcation is obvi-
ously related to the break points B and C in the
spectral index curve.
4.2.3. Simulations of the Non-Thorsett Cases
In our simulations, we found that the pulse
width variation normally follows the Thorsett rela-
tionship when the PHRS is not highly asymmetric
in the leading and trailing profile wings, but the
PHRS can deviate from the Thorsett relationship
when it is highly asymmetric. This can be seen in
Figure 12, which displays how a double profile and
its 10% pulse width evolve with frequency in dif-
ferent cases of PHRS. We found similar behaviors
of pulse width variation when applying the same
sequence of PHRSs to single and multiple profiles,
as long as the profile evolution does not lead to
abrupt disappearance or emergence of outriders.
This feature, i.e., the pulse width is generally in
agreement with the Thorsett relationship, is con-
sistent with the fact that most of the pulsars in
our sample can be fitted by a Thorsett relation-
ship. The influence of highly asymmetric PHRS
may partially account for the poor quality of fit-
ting (very low Q value) for some pulsars.
Some cases of drastic deviation are also found
in our simulations. Figure 13 gives two examples
for complex forms of PHRS and the resultant non-
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Fig. 11.— Simulations for the decreasing (a) and increasing (b) frequency dependence of pulse width. In
each right panel of plots (a) and (b), we show the normalized pulse profiles at 100 MHz (solid), 500 MHz
(dashed), and 4100 MHz (dash-dotted, top) and the curve of phase-resolved spectral index (PHRS, bottom).
The PHRS is assumed to steepen outward in the outer wings of the pulse profile in plot (a), and to be
the opposite in plot (b). The double-peaked initial profiles at 100MHz are formed by superposing three
Gaussian components, of which the centers are located at the longitudes Φ = −4.5, 0 and 4.5, with the same
half widths of 2◦.5 and different amplitudes of 1, 0.1 and 1, respectively. The high-frequency profiles are
determined using the assumed PHRS curves. In the left panel of each plot, we plot the 10% pulse width at
10 frequencies from 100 MHz to 3700 MHz (open circles) and the best-fit Thorsett relationship (solid curve).
monotonic pulse width variation. In case (a), the
pulse width first increases and then decreases with
frequency because of the asymmetry of PHRS in
the leading and trailing wings. In case (b), on
the contrary, the pulse width first decreases and
then increases, accompanied by the emergence of
the leading component and the disappearance of
the trailing component at high frequency, which is
caused by the different PHRS in the two parts.
In fact, we do find some pulsars with the non-
monotonic W10 − ν relationship. One is PSR
J1844+1454 (B1842+14), which shows an increas-
ing trend below 1.5 GHz and then a slightly de-
creasing trend up to 3.1 GHz, as shown by Fig-
ure 14. This turnover behavior is accompanied
with an interesting morphology evolution similar
to our simulations in Figure 13(a): the leading
wing of the single-humped profile at 243 MHz be-
comes stronger as frequency increases while the
trailing wing becomes weaker, forming a grad-
ually separating double-component profile above
600 MHz, and eventually the leading component
becomes the dominant one at 3.1 GHz (see Fig-
ure 5 in Johnston et al. 2008). Another pulsar
is PSR B0809+74, for which the pulse width de-
creases from 14.9 MHz to around 400 MHz and
then increases slowly above 400 MHz (the latter
part has been shown in Figure 2). The pulse pro-
file first shows a merging trend of double com-
ponents below 400 MHz and then a bifurcating
trend up to 7.85 GHz (see Figure 13 in Hassall et
al. 2012). This morphology evolution is similar to
that in Figure 13(b). From our perspective, these
examples indicate that some sorts of asymmetric
and complex spectral distribution across the emis-
sion region may result in the complex frequency
development of pulse width.
4.3. Difference Between the Absolute PHRS
and the Normalized PHRS
The above interpretation is different from pre-
vious ideas cocerning the component spectrum
that attribute the pulse width and morphology
evolution to the spectral difference in the pulse
components, e.g., conal and core components, or
outer and inner (with respect to the beam or
profile center) components (Rankin 1983a; LM88;
Kramer et al. 1994). In order to derive the com-
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Fig. 13.— Simulation for the non-monotonic frequency dependence of pulse width. The twofold width-
frequency relationship and the profile evolution are the consequence of the assumed asymmetric PHRS (the
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Fig. 14.— Diagram of W10 vs. observing frequency for PSR B1842+14, which shows non-monotonic fre-
quency dependence of pulse width.
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ponent spectrum, some normalization techniques
have been developed, which first normalize the
multifrequency beam radii and then calculate the
spectral index for each normalized beam-radius in-
terval or component (LM88; Kramer et al. 1994;
Kramer 1994). These studies found that the spec-
tra of the outer (or conal) components are gener-
ally flatter than those of the inner (or core) com-
ponents. Since most of the pulsars studied are of
group A (see Table 6), it is possible to compare
their interpretation with ours. First, we suggest
that the spectrum in the outermost parts of the
pulse profile, i.e., the profile wings, needs to be
steeper than that in the inner part for group-A
pulsars, which is contrary to their interpretation.
Second, the normalization of the beam radius in-
cluded a prior assumption that the variation of
the pulse width is due to the frequency-dependent
evolution of the beam radius. This assumption is
a narrowband interpretation; therefore, it is dif-
ferent from our broadband interpretation. Below,
we will illustrate the difference.
Let us suppose a narrowband scenario, in which
a low-frequency cone (LFC) and a high-frequency
cone (HFC) are generated at different altitudes in
the pulsar magnetosphere following the CRFM, as
shown in panel (a) in Figure 15. In panel (b),
the gray ring and the ring confined by two thick
circles are the projections of the LFC and HFC
onto the celestial sphere centered on the pulsar,
represented by the longitude-colatitude (Φ − Θ)
plane, where Θ is counted from the pulsar spin
axis. For a static dipole, the magnetic field lines
are projected as straight lines radiating from the
stellar center (“+”). As the LOS sweeps across
the cones, the profiles at low frequency νL and
high frequency νH are formed, as plotted versus
the absolute pulse phase in panel (c).
Following the method used by LM88, the nar-
rower high-frequency profile is first stretched to
have the same width as the low-frequency profile
before computing the normalized PHRS (see panel
(d)).5 Then, the normalized phase interval within
the two dashed lines in panel (d) corresponds to
the absolute interval between the dashed lines “1”
and “1′” at νL and a narrower phase interval be-
5This is equivalent to the beam radius normalization, but
here we do not normalize the pulse widths to unity for the
purpose of comparison with panel (c).
tween “2” and “2′” at νH in panel (c). These in-
tervals can be traced back to different positions in
the cones, as denoted by the black dots “1” and
“1′” in the LFC and the gray dots “2” and “2′”
in the HFC in panels (b) and (a). Obviously, they
come from different magnetospheric locations, and
hence the spectrum of the normalized phase inter-
val actually compares the multifrequency intensi-
ties from different locations.
An alternative normalized-PHRS method is to
derive the component spectra by invoking Gaus-
sian decomposition techniques (Kramer et al.
1994; Kramer 1994). Normally a fixed number
of Gaussian components is used to fit the mul-
tifrequency profiles, so that the flux densities of
the same component are used to compute the
component spectrum. Since the phase interval
of the same component usually changes with fre-
quency, this method is similar to the normalization
method used by LM88; therefore, the component
spectrum also reflect the multifrequency intensi-
ties from different locations.
The above analysis shows that the normalized
PHRS is only valid for the case of narrowband
emission. If the emission is broadband, then each
magnetospheric location will have its own spec-
trum, and the spectrum of an absolute phase in-
terval is needed to reproduce the real spectrum for
a single location.
5. STATISTICAL TEST of A GEOMET-
RICAL EFFECT on SPECTRUM
Kramer et al. (1994) and Sieber (1997) sug-
gested that the observed radio spectrum of a pul-
sar may be steeper than the intrinsic one if the
emission beam continues to shrink as frequency
increases. Employing the Gaussian decomposi-
tion technique, Kramer et al. (1994) found that
the spectra of the core and inner conal compo-
nents are generally steeper than those of the outer
conal components, confirming the similar conclu-
sion made by Rankin (1983a) and LM88. They
argued that the difference may be caused by the
geometric effect of the shrinkage of nested emission
cones rather than different emission mechanisms
as proposed by Rankin (1983a). The reason for
this is that the core or the inner cone, which is vis-
ible at low frequencies, may move out of the LOS
at high frequencies as the beam radius shrinks,
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Fig. 15.— Schematic diagram showing how the normalized phase-resolved spectrum is associated with radius-
to-frequency mapping (RFM). (a) Following the conventional RFM, the LFC and the HFC, symmetrical
around the magnetic axis µ, are assumed to be generated at different altitudes, r1 and r2, respectively. Since
the line of sight (LOS) forms a cone surrounding the pulsar’s spin axis, which is behind µ but not shown
here, we will see different parts of the cones when beam size shrinks at high frequency, as shown by the
trajectories of LOS at the LFC and the HFC. Two pairs of points, (1, 1′) and (2, 2′), located at the blue and
red field lines, respectively, correspond to two separated phase intervals as shown in the next two panels.
(b) Projections of the LFC (gray annular) and the HFC (the annular confined by two outer thick circles)
onto the longitude-colatitude (Φ − Θ) plane, which stands for the celestial sphere centered on the neutron
star, where Θ is counted from the spin axis. The symbol “+” and the radial lines represent the projections
of the magnetic pole and the magnetic field lines of a pure dipole. The innermost circle around “+” stands
for the boundary of polar cap. (c) Profiles at low frequency νL and high frequency νH. The “abs. ph. prof.”
means the profile in the absolute pulse phase. (d) Profiles plotted in the “normalized” pulse phase, where
the high-frequency profile (dark line) is stretched to have the same pulse width as the low-frequency profile
(light line). The section of the dark profile within the absolute phase interval (2, 2′) in panel (c) is equivalent
to the section of the stretched dark profile within the interval (1, 1′) in panel (d).
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but the outer cone may still be wide enough to
be grazed by the LOS, thus exerting an extra in-
fluence of spectral steepening on the core or inner
cone spectrum.
Assuming that both the angular sizes of both
the cones and the core decrease with frequency,
Sieber (1997) demonstrated that an intrinsic spec-
trum with a power-law index −1.5 could be ob-
served as a spectrum with an index of < −2.0 av-
eraged over the whole profile. If this geometrical
effect is prevalent in group-A pulsars, then their
spectra are expected to be statistically steeper
than those of group-B and group-C pulsars. This
effect can be tested by comparing the spectral in-
dices provided by Maron et al. (2000) for the three
groups.
Maron et al. (2000) derived the spectral indices
for 281 pulsars. Apart from fifteen pulsars that
show double-power-law spectra, all others pulsars
exhibit single-power-law spectra, mostly from 0.4
to 1.4 GHz and for some pulsars up to 4.9 GHz
or even 10.6 GHz. We collected the single-power-
law spectral indices for 132 pulsars in our sample,
which are listed in Table 7.
The numbers of pulsars with spectral index
data in groups A, B and C are 68, 36 and 28,
respectively. The mean spectral index αm and its
standard deviation σα are given in Table 7 for each
group. In order to test whether the difference be-
tween the mean spectral indices of these groups is
statistically significant, we perform the Student’s
t-test for each pair of groups, i.e., (A, B), (A, C),
and (B, C), and obtain the probability p of ob-
serving a t value as extreme of the distribution of
the statistics
t =
αm,i − αm,j√
σ2α,i/ni + σ
2
α,j/nj
under the null hypothesis that the groups “i” and
“j” are independent samples from normal distri-
butions with equal mean spectral indices, where n
is the number of data points of each group. The
95% confidence interval c for the difference of the
true means of a pair of groups is also obtained and
listed in Table 7. The 4.5% and 5.0% p values for
(A, B) and (A, C) suggest that the probability that
the group-A pulsars have the same mean spectral
index as the other two groups is low, but the mean
index of the group-A pulsars, −1.71, is smaller
than the typical index of ∼ −1.9 for groups B and
C, which is contrary to the prediction. When a
sub-sample of 20 pulsars with η ≤ −30% are se-
lected, the mean spectral index is −1.52, which
is even flatter than that of all group-A pulsars.
Therefore, we conclude that the current data do
not support the pure geometrical effect. The weak
tendency shown by the results, i.e., that the group-
A pulsars statistically have a flatter spectrum, still
requires further data for verification.
6. CONCLUSIONS and DISCUSSIONS
The frequency dependence of pulse width is
studied for a sample of 150 normal pulsars, of
which the multifrequency 10% pulse width can be
well fitted with the Thorsett relationship W10 =
Aνµ + W10,0 (Thorsett 1991). In terms of the
best-fit relationship, we calculate the relative frac-
tion of pulse width change between 0.4 GHz and
4.85 GHz, η = (W4.85−W0.4)/W0.4. The following
major points are found from the results.
1. Most of the best-fit µ values are continuously
distributed within −1 and 1 and peaked at a neg-
ative value close to 0. µ is not sufficient to be used
as a single parameter to classify different kinds of
pulse width evolution.
2. In the 105 pulsars with negative µ, nearly
half of the pulsars have a very small asymptotic
widthW10,0, and the other half have a much larger
W10,0 (> 3
◦.5). There is likely a gap between 0◦.4
and 3◦.5.
3. Using |η| = 10% as a criterion, the sam-
ple is divided into three groups: 81 pulsars (54%)
in group A with η < −10%, showing a consider-
able profile narrowing at high frequency, 40 pul-
sars (27%) in group B with −10%≤ η ≤ 10%, ex-
hibiting a marginal change in pulse width, and 29
pulsars (19%) in group C with η > 10%, showing
a remarkable profile broadening at high frequency.
The results suggest that the profile narrowing
phenomenon at high frequency (group A) is more
common than the profile broadening phenomenon
(group C). This may partially explain why the
profile narrowing phenomenon has become the fo-
cus of previous studies. However, the fraction of
group-C pulsars is found to be considerably larger
than the fraction noted in previous studies. The
group-C pulsars, together with a portion of group-
B pulsars that exhibit a slight pulse broadening at
high frequencies, pose a challenge to the conven-
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tional scenario that the radio beam size shrinks
with increasing frequency, which can only account
for the phenomenon of pulse width narrowing at
high frequency. On the basis of the fan beam
model (Wang et al. 2014) assuming a broadband
nature for the radio emission, we propose an alter-
native interpretation for the diverse pulse width
evolution, which suggests that the pulse width
change is a consequence of different kinds of dis-
tribution of emission spectrum across the emis-
sion region. For the group-A (or group-C) pulsars,
the profile narrowing (or broadening) is caused by
a steepening (or flattering) spectrum toward the
leading and trailing edges of the emission region.
For the group-B pulsars, the nearly constant pulse
width is due to weak spectral variation or the ab-
sence of spectral variation in the outer parts of
emission region. The geometrical effect that the
emission beam shrinkage may lead to a steepening
of the spectrum is tested but disfavored.
We should point out that there may be a slight
bias in our sample, because the observing fre-
quency range is relatively narrower for a small
fraction of pulsars compared with the others. In
group A, 28 pulsars have a frequency range be-
low 2 GHz, accounting for a percentage of 34.6%.
The numbers are similar in group B and group C,
13 (32.5%) and 7 (24.1%), respectively. Some of
these pulsars have quite large uncertainties in η,
e.g., PSRs B0820+02 and B1727−47, because of
the relatively narrow frequency range and the un-
certainty of pulse width. Therefore, future obser-
vations at high frequencies are vital to verify our
results for these pulsars. However, even without
these pulsars, the proportions of the three groups
in the remained sample will still be close to the
present values.
Regarding the underlying physics that lead to
different kinds of spectral variation across the
emission region, Chen et al. (2007) have dis-
cussed three possibilities: the emission spectrum
may evolve with altitude as non-monoenergetic
secondary particles flow along a flux tube; the
emission spectrum may also vary with azimuth
and colatitude in the pulsar magnetosphere. The
exact reason is not clear yet, but at least the fol-
lowing mechanisms are possible causes of inhomo-
geneity in the particle energy spectrum and emis-
sion spectrum distribution, if we assume that the
emission spectrum is tightly or at least partially
related to the energy spectrum of secondary rela-
tivistic particles.
• The energy spectrum of the secondary par-
ticle can be modified by the resonant ICS
near the polar cap when they collide with
the thermal X-ray photons from the stellar
surface (Lyubarskii & Petrova 2000). The
difference in magnetic field strength and ge-
ometry within different flux tubes may cause
inhomogeneity across the emission region.
• The possible asymmetry in the field line
structure across the polar gap may result in
an inhomogeneous distribution of the par-
ticle energy spectrum during the pair pro-
duction process (e.g., Harding & Muslimov
2011).
• When the non-neutral secondary plasma
flows along a flux tube, the free-flow charge
density and the Goldreich-Julian charge den-
sity (Goldreich & Julian 1969) do not fol-
low the same function of the altitude, and
therefore a weak parallel electric field will
be induced and modify the particle energy
spectrum. This effect, which relies on the ge-
ometry of magnetic field, may cause an inho-
mogeneous spectral distribution depending
on the altitude, azimuth, and colatitude.
• Propagation effects, e.g., the refraction ef-
fect, which depends on the secondary plasma
distribution in the pulsar magnetosphere,
may cause redistribution of the emission
spectrum (Petrova 2002).
The following studies will help us to improve
our understanding of the spectral distribution
in the pulsar magnetosphere and the underlying
mechanism. (1) Three-dimensional simulations
for the discharge process in pulsar polar gaps may
be helpful for finding out what kinds of energy
spectral distribution of the secondary particles
may be formed. (2) If the phase-aligned multi-
frequency intensity map of the radio beam can
be derived for some precessional binary pulsars in
the future, then we will be able to measure the
spectra across the beam and infer how the spec-
tral index depends on the altitude, azimuth, and
colatitude. (3) Collecting a sample of pulsars
with phase-aligned multifrequency profiles and
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known viewing geometry may enable us to map
the spectral distribution in the magnetosphere.
(4) Deep observations will be helpful for deter-
mining whether or not there is weak emission out
of the pulse window that is limited by the current
observing sensitivity, particularly at high frequen-
cies for the group-A pulsars. In fact, the weak
level emission components have been discovered
for more millisecond pulsars as the signal-to-noise
ratio significantly increases (Yan et al. 2011, Dai
et al. 2014 in preparation). Weak precursors or
postcursors were also discovered for a few normal
pulsars with higher observing sensitivities (Mi-
tra & Rankin 2011). If the weak and extended
emission is found at high (or low) frequencies for
group-A (or group-C) pulsars, then it would favor
the broadband interpretation, otherwise it would
favor the narrowband interpretation.
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Table 1: References for the pulse width data used
in this paper.
Refercence Frequency (MHz)
Arzoumanian et al. 1994 800, 1640
Downs 1979* 2388
Gould & Lyne 1998† 230, 400, 600, 920, 1400, 1600
Hankins & Rickett 1986* 430, 600, 932, 1358, 1387, 1414, 1665, 2380
Hankins et al., 1991* 430, 2370, 4870
Hoensbroech & Xilouris 1997 1710, 4850, 10450
Hoensbroech et al. 1998 4850
Johnston et al. 2006*† 8400
Johnston et al. 2008*† 243, 327, 690, 1400, 3100
Karastergiou et al. 2005*† 3100
Karastergiou & Johnston 2006*† 1375, 3100
Kijak et al. 1998 4850
Kramer et al. 1997 1410, 2250, 4750, 8500, 10550
Kuzmin et al. 1986* 4600, 10700
Lyne et al. 1971* 1612, 2650
Lyne & Manchester 1988* 409,415,611,1420
Manchester et al. 1998† 430, 660, 1502
Morris et al. 1981* 1720, 2650, 8700, 14800
van Ommen et al. 1997*† 800, 950
Phillips & Wolszczan 1992* 430, 1418, 2380, 4800
Popov & Soglasnov 1987*† 927, 6000
Qiao et al. 1995 660, 1440
Seiradakis et al. 1995 1310, 1420, 1615, 4750, 10550
Sieber et al. 1975* 2700, 4900, 10700
Stinebring et al. 1984a* 1404
Stinebring et al. 1984b* 800
Wu et al. 1993 1560
*The profile data not archived in the EPN.
† The profile data that we adopted from literature directly.
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Table 2
Parameters for 81 group-A pulsars
PSR B Freq. (GHz) A µ W10,0(
◦) N χ2min Q η η
′ α R90 LM88
0011+47 0.408−4.75 5.28E+01 (+0.8
−30.4) -1.60E−01 (
+0.01
−0.24) 2.40E−01 (
+29.39
−0.24 ) 5 37.90 5.75E−09 -0.33 (
+0.02
−0.02) -0.18 -1.3 − −
0031−07 0.69−4.9 3.96E+01 (+0.8
−16.0) -2.10E−01 (
+0.02
−0.17) 2.20E−01 (
+15.96
−0.22 ) 11 186.00 0.00E+00 -0.41 (
+0.03
−0.03) -0.23 -1.4 CNS CN
0037+56 0.4−1.42 2.01E−01 (+7.40
−0.20) -2.29E+00 (
+12.29
−8.71 ) 6.36E+00 (
+1.26
−6.36) 4 1.10 2.95E−01 -0.20 (
+0.43
−0.42) -0.01 -1.8 − −
0052+51 0.4−4.85 1.40E+01 (+0.8
−12.6) -1.40E−01 (
+0.07
−1.08) 1.40E−01 (
+12.22
−0.14 ) 5 0.52 7.73E−01 -0.29 (
+0.13
−0.12) -0.16 -0.7 − −
0059+65 0.4−1.6 2.56E−01 (+21.94
−0.25 ) -2.52E+00 (
+2.5
−4.06) 2.09E+01 (
+1.14
−20.94) 4 0.44 5.12E−01 -0.11 (
+0.09
−0.17) -5.0E-3 -1.6 − −
J0134−2937 0.243−3.1 1.80E+00 (+1.20
−0.80) -1.93E+00 (
+0.48
−0.52) 2.02E+01 (
+0.97
−1.09) 8 156.00 0.00E+00 -0.34 (
+0.07
−0.06) -0.04 − − −
0144+59 0.4−4.85 4.60E+00 (+10.40
−3.80 ) -9.20E−01 (
+0.8
−1.08) 8.20E+00 (
+3.83
−8.20) 6 8.65 3.43E−02 -0.51 (
+0.26
−0.18) -0.20 -1.0 − −
0148−06 0.243−3.1 5.89E+00 (+36.11
−4.69 ) -4.18E−01 (
+0.39
−1.06) 3.57E+01 (
+4.39
−35.66) 11 222.00 0.00E+00 -0.13 (
+0.05
−0.05) -0.05 -2.7 CD CN
0149−16 0.243−3.1 1.45E+00 (+9.95
−1.45) -8.10E−01 (
+10.81
−9.19 ) 9.14E+00 (
+1.65
−9.14) 13 13.70 1.86E−01 -0.22 (
+0.24
−0.18) -0.07 -2.1 − CN
0254−53 0.434−1.56 2.37E−06 (+10.20
−2.37E−6) -1.58E+01 (
+78.78
−63.22) 9.06E+00 (
+1.07
−9.06) 4 1.70 2.23E−01 -0.33 (
+0.15
−0.14) -1.3E-9 − − PCN
0301+19 0.243−4.85 7.64E+00 (+9.36
−7.40) -2.39E−01 (
+0.18
−2.5 ) 8.74E+00 (
+7.02
−8.74) 16 14.10 3.67E−01 -0.23 (
+0.12
−0.11) -0.12 − CD CN
0329+54 0.408−10.7 4.67E+00 (+21.93
−3.27 ) -6.78E−01 (
+0.61
−1.15) 2.12E+01 (
+2.55
−21.16) 11 17.30 2.75E−02 -0.24 (
+0.09
−0.07) -0.09 -2.2 T CRCN
0355+54 0.92−10.7 3.84E+01 (+0.8
−3.6) -2.40E−01 (
+0.02
−0.04) 0.00E+00 (
+3.66
0 ) 8 51.00 8.82E−10 -0.45 (
+0.02
−0.04) -0.26 − CRS PCN
0402+61 0.4−4.85 2.81E−01 (+17.92
−0.28 ) -2.62E+00 (
+12.62
−10.38) 1.68E+01 (
+1.24
−16.76) 6 4.85 1.83E−01 -0.16 (
+0.64
−0.23) -0.01 -1.4 − CRCN
0458+46 0.6−4.85 2.37E+00 (+13.23
−2.36 ) -1.25E+00 (
+1.21
−8.75) 1.23E+01 (
+2.33
−12.30) 6 4.44 2.20E−01 -0.36 (
+0.27
−0.59) -0.09 -1.3 − CN
0523+11 0.243−3.1 1.37E−01 (+18.46
−0.14 ) -3.15E+00 (
+16.15
−12.85) 1.78E+01 (
+0.98
−17.77) 12 17.40 4.25E−02 -0.12 (
+1.97
−0.16) -2.6E-3 -2.0 M CN
0525+21 0.408−4.85 1.86E+01 (+0.8
−17.4) -9.00E−02 (
+0.04
−1.38) 2.00E−02 (
+16.76
−0.02 ) 14 15.50 1.60E−01 -0.20 (
+0.09
−0.09) -0.11 -1.5 CD CN
0538−75 0.436−1.44 6.75E−01 (+29.13
−0.66 ) -1.95E+00 (
+1.95
−5.38) 2.76E+01 (
+2.51
−27.58) 5 1.59 4.53E−01 -0.13 (
+0.12
−0.26) -0.01 − − CRCN
0559−05 0.4−4.85 3.19E−01 (+23.88
−0.32 ) -2.79E+00 (
+13.79
−11.21) 2.22E+01 (
+1.48
−22.23) 6 2.22 5.28E−01 -0.16 (
+0.20
−0.22) -0.01 -1.7 − CN
0609+37 0.4−4.85 2.10E+01 (+1.0
−20.2) -1.30E−01 (
+0.09
−1.54) 8.00E−02 (
+20.24
−0.08 ) 6 9.83 2.01E−02 -0.28 (
+0.19
−0.14) -0.15 -1.5 − −
0628−28 0.243−4.9 3.56E+01 (+0.4
−23.2) -1.60E−01 (
+0.03
−0.30) 9.00E−02 (
+22.85
−0.09 ) 17 69.00 2.98E−09 -0.33 (
+0.06
−0.04) -0.18 -1.9 CNS CN
0643+80 0.4−4.85 1.08E+01 (+0.8
−10.2) -1.40E−01 (
+0.10
−1.41) 0.00E+00 (
+10.27
0 ) 4 1.54 2.14E−01 -0.30 (
+0.20
−0.17) -0.16 -1.9 CNS −
0656+14 0.43−8.4 3.28E+01 (+0.8
−20.0) -1.10E−01 (
+0.02
−0.23) 3.80E−01 (
+19.88
−0.38 ) 6 24.90 1.61E−05 -0.24 (
+0.04
−0.04) -0.13 -0.5 T CN
0727−18 0.243−3.1 1.02E+00 (+19.38
−1.01 ) -1.32E+00 (
+1.32
−3.76) 1.85E+01 (
+1.31
−18.5) 12 8.27 5.19E−01 -0.15 (
+0.15
−0.12) -0.03 -1.6 − CN
0823+26 0.408−10.7 2.35E+00 (+6.05
−2.35) -5.10E−01 (
+10.51
−9.49 ) 4.86E+00 (
+2.22
−4.86) 14 2.73 9.94E−01 -0.31 (
+0.34
−0.22) -0.14 − CRS CRCN
0919+06 0.243−10.6 1.43E+01 (+1.3
−6.1) -3.85E−01 (
+0.09
−0.38) 3.83E−01 (
+5.70
−0.38) 16 54.20 5.57E−07 -0.61 (
+0.08
−0.07) -0.37 -1.8 T PCN
1039−19 0.4−4.85 1.82E+01 (+1.2
−18.1) -1.00E−01 (
+0.09
−1.90) 3.40E−01 (
+18.47
−0.34 ) 6 0.65 8.85E−01 -0.22 (
+0.19
−0.14) -0.12 -1.5 M CN
1112+50 0.4−2.65 8.20E+00 (+0.60
−8.20) -1.00E−01 (
+2.10
−1.90) 0.00E+00 (
+8.01
0 ) 8 8.11 1.50E−01 -0.22 (
+0.32
−0.19) -0.12 -1.7 T −
1133+16 0.23−32 6.96E+00 (+4.04
−4.56) -2.57E−01 (
+0.13
−0.49) 3.65E+00 (
+4.14
−3.65) 18 25.00 5.04E−02 -0.33 (
+0.07
−0.06) -0.17 -1.9 CD CN
1237+25 0.23−4.85 6.80E+00 (+8.00
−6.56) -1.67E−01 (
+0.13
−1.65) 7.44E+00 (
+6.22
−7.44) 15 11.60 4.86E−01 -0.18 (
+0.10
−0.08) -0.09 − M CRCN
1504−43 0.243−3.1 1.32E+01 (+0.4
−6.8) -1.90E−01 (
+0.05
−0.21) 1.00E−01 (
+6.84
−0.10) 5 10.40 5.47E−03 -0.38 (
+0.08
−0.07) -0.21 − − −
1508+55 0.4−4.9 1.24E+01 (+0.8
−12.4) -5.00E−02 (
+2.05
−1.95) 3.20E−01 (
+12.72
−0.32 ) 11 14.10 7.93E−02 -0.11 (
+0.21
−0.13) -0.06 -2.2 T CRCN
1530+27 0.23−1.64 1.26E+01 (+0.8
−12.6) -1.20E−01 (
+0.10
−1.88) 7.00E−02 (
+13.01
−0.07 ) 7 6.06 1.95E−01 -0.26 (
+0.24
−0.15) -0.14 -1.4 − PCN
1604−00 0.23−4.85 1.40E+01 (+1.0
−14.0) -9.00E−02 (
+0.07
−1.91) 1.20E−01 (
+13.86
−0.12 ) 16 11.00 6.14E−01 -0.20 (
+0.16
−0.14) -0.11 -1.5 T PCN
1612+07 0.23−4.85 7.40E+00 (+1.00
−7.40) -6.00E−02 (
+2.06
−1.94) 1.40E−01 (
+8.35
−0.14) 6 9.73 2.10E−02 -0.14 (
+0.37
−0.27) -0.07 -2.6 CNS PCN
1620−09 0.4−4.85 7.57E−02 (+7.12
−7.57E−2) -3.28E+00 (
+16.28
−12.72) 5.98E+00 (
+1.18
−5.98) 5 0.22 8.98E−01 -0.20 (
+1.55
−0.41) -4.1E-3 -1.7 − −
1700−18 0.4−1.6 1.06E+01 (+1.0
−10.6) -9.00E−02 (
+2.09
−1.91) 1.40E−01 (
+11.44
−0.14 ) 5 1.59 4.52E−01 -0.20 (
+1.13
−0.29) -0.10 -1.9 − −
1700−32 0.243−3.1 6.00E−01 (+14.60
−0.48 ) -1.87E+00 (
+1.85
−0.13) 1.36E+01 (
+0.93
−13.6) 7 7.35 1.19E−01 -0.20 (
+0.15
−0.13) -0.02 -3.1 T CRCN
1706−16 0.243−10.7 1.16E+01 (+0.8
−7.6) -2.20E−01 (
+0.07
−0.53) 9.00E−02 (
+7.17
−0.09) 17 32.30 3.68E−03 -0.42 (
+0.10
−0.10) -0.24 -1.5 CRS CN
1717−16 0.4−1.6 5.15E+00 (+5.85
−5.15) -1.98E−01 (
+2.20
−1.80) 5.15E+00 (
+5.91
−5.15) 5 0.86 6.51E−01 -0.21 (
+0.26
−0.26) -0.11 -2.2 − −
1717−29 0.4−1.6 2.06E+01 (+1.0
−20.2) -1.50E−01 (
+0.08
−1.85) 0.00E+00 (
+20.2
0 ) 5 5.98 5.02E−02 -0.31 (
+0.20
−0.13) -0.17 -2.2 − CN
1735−32 0.6−1.6 1.28E+01 (+1.0
−12.2) -2.60E−01 (
+0.18
−1.74) 2.60E−01 (
+12.33
−0.26 ) 4 0.05 8.28E−01 -0.47 (
+0.30
−0.18) -0.27 -0.9 − −
1738−08 0.4−1.6 1.80E+01 (+1.2
−17.9) -1.20E−01 (
+0.11
−1.88) 1.80E−01 (
+18.43
−0.18 ) 7 2.12 7.14E−01 -0.26 (
+0.23
−0.17) -0.14 -2.2 M CN
1811+40 0.6−1.6 1.77E−01 (+15.82
−1.77E−1) -2.72E+00 (
+13.72
−11.28) 1.50E+01 (
+0.96
−14.99) 4 0.01 9.42E−01 -0.13 (
+0.79
−0.80) -4.5E-3 -1.8 − CN
1813−26 0.4−1.6 3.56E+01 (+0.8
−34.4) -1.40E−01 (
+0.06
−1.86) 4.00E−02 (
+34.03
−0.04 ) 4 3.24 7.19E−02 -0.30 (
+0.14
−0.11) -0.16 -1.4 − CN
3
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Table 2—Continued
PSR B Freq. (GHz) A µ W10,0(
◦) N χ2min Q η η
′ α R90 LM88
1819−22 0.4−4.85 1.72E+00 (+16.48
−1.72 ) -9.56E−01 (
+10.96
−9.04 ) 1.53E+01 (
+2.74
−15.34) 7 1.32 8.61E−01 -0.19 (
+0.43
−0.27) -0.05 -1.7 − CN
1820−31 0.6−1.6 1.28E+01 (+1.2
−12.8) -2.20E−01 (
+2.22
−1.78) 1.40E−01 (
+13.19
−0.14 ) 5 0.50 7.79E−01 -0.42 (
+0.99
−0.28) -0.24 -2.1 − CN
1839−04 0.6−1.6 3.68E+01 (+46.0
−36.8) -3.75E−01 (
+10.37
−9.63 ) 3.70E+01 (
+42.99
−36.99) 4 0.05 8.32E−01 -0.36 (
+0.60
−0.61) -0.17 -1.6 − −
1845−19 0.4−1.6 1.58E−01 (+7.84
−1.58E−1) -1.95E+00 (
+11.95
−8.05 ) 7.00E+00 (
+1.06
−7.00) 5 0.77 6.81E−01 -0.12 (
+0.38
−0.39) -0.01 -2.0 − CN
1846−06 0.4−1.6 5.58E−06 (+0.26
−5.58E−6) -1.51E+01 (
+28.93
7.71 ) 1.01E+01 (
+0.90
−1.89) 5 30.30 1.86E−07 -0.35 (
+0.12
−0.11) -3.5E-9 -2.2 − −
1848+12 0.4−1.6 1.29E−01 (+9.27
−0.13) -2.89E+00 (
+14.89
−11.11) 6.07E+00 (
+3.32
−6.07) 4 0.04 8.43E−01 -0.23 (
+0.71
−0.71) -0.01 -1.9 − −
1848+13 0.243−3.1 4.38E−01 (+11.96
−0.43 ) -1.98E+00 (
+1.98
−3.03) 1.16E+01 (
+0.64
−11.61) 9 27.90 1.05E−04 -0.19 (
+0.18
−0.13) -0.02 -1.4 − −
1857−26 0.327−3.1 3.92E+01 (+0.8
−34.0) -6.00E−02 (
+0.02
−0.4 ) 2.40E−01 (
+33.95
−0.24 ) 12 98.50 0.00E+00 -0.14 (
+0.05
−0.06) -0.07 -2.1 M CRCN
1907+03 0.43−4.85 5.15E+01 (+22.9
−51.2) -1.23E−01 (
+0.11
−1.88) 1.96E+01 (
+51.39
−19.62) 6 0.88 8.32E−01 -0.20 (
+0.17
−0.14) -0.10 -1.8 T CRCN
1916+14 0.4−1.72 8.00E+00 (+0.60
−7.86) -2.00E−01 (
+0.15
−1.80) 6.00E−02 (
+7.72
−0.06) 5 1.34 5.12E−01 -0.39 (
+0.30
−0.17) -0.22 -0.3 T CN
1917+00 0.4−1.6 1.00E+01 (+1.6
−10.0) -5.00E−02 (
+2.05
−1.95) 1.00E+00 (
+10.73
−1.00 ) 6 3.49 3.22E−01 -0.11 (
+1.52
−0.28) -0.05 -2.2 T CRCN
1929+10 0.4−10.5 1.86E+01 (+0.6
−9.8) -1.60E−01 (
+0.03
−0.21) 7.00E−02 (
+9.57
−0.07) 15 20.00 6.74E−02 -0.33 (
+0.05
−0.05) -0.18 -1.6 T CN
1935+25 0.6−1.6 3.72E+00 (+32.28
−3.70 ) -1.23E+00 (
+1.18
−8.77) 3.12E+01 (
+3.89
−31.16) 4 0.90 3.44E−01 -0.26 (
+0.16
−0.66) -0.06 -0.7 − −
1952+29 0.61−4.85 1.28E+01 (+19.6
−10.4) -6.33E−01 (
+0.47
−2.09) 1.80E+01 (
+8.86
−18.01) 10 7.92 3.41E−01 -0.44 (
+0.12
−0.11) -0.20 − T CRCN
1953+50 0.4−1.6 2.38E+00 (+7.42
−2.38) -4.51E−01 (
+10.45
−9.55 ) 6.47E+00 (
+3.24
−6.47) 5 0.27 8.79E−01 -0.24 (
+0.35
−0.35) -0.10 -1.6 CRS −
2000+32 0.6−1.6 1.22E+01 (+1.2
−12.2) -1.80E−01 (
+2.18
−1.82) 3.00E−01 (
+12.85
−0.30 ) 4 0.11 7.37E−01 -0.35 (
+1.20
−0.31) -0.20 -1.1 − −
2003−08 0.4−1.4 1.89E+00 (+59.71
−1.81 ) -1.44E+00 (
+1.39
−3.16) 5.90E+01 (
+2.37
−58.98) 4 0.07 8.42E−01 -0.10 (
+0.04
−0.10) -0.02 -1.4 T CN
2020+28 0.23−10.7 4.20E+00 (+14.00
−3.40 ) -5.60E−01 (
+0.51
−1.37) 1.26E+01 (
+2.33
−12.6) 14 37.80 8.33E−05 -0.27 (
+0.14
−0.11) -0.11 − T CN
2021+51 0.23−10.6 5.11E+00 (+13.69
−3.51 ) -6.05E−01 (
+0.49
−0.75) 1.21E+01 (
+2.37
−12.08) 14 4.11 9.67E−01 -0.33 (
+0.09
−0.07) -0.14 − CNS PCN
2022+50 0.4−1.6 1.08E+01 (+1.0
−10.8) -2.00E−01 (
+0.18
−1.80) 1.60E−01 (
+11.22
−0.16 ) 5 2.21 3.31E−01 -0.39 (
+0.36
−0.21) -0.22 -0.8 − −
2045−16 0.243−4.9 6.01E+00 (+10.39
−5.21 ) -3.22E−01 (
+0.26
−1.53) 9.67E+00 (
+4.79
−9.67) 19 9.53 9.00E−01 -0.25 (
+0.12
−0.10) -0.12 -2.1 T CRCN
2053+21 0.4−1.6 1.25E−01 (+10.88
−0.12 ) -2.54E+00 (
+12.54
−10.46) 9.91E+00 (
+1.08
−9.91) 5 1.21 5.54E−01 -0.11 (
+0.33
−0.33) -0.01 -0.8 − −
2148+63 0.4−4.85 4.21E+00 (+20.39
−4.20 ) -1.35E+00 (
+1.27
−6.73) 1.80E+01 (
+4.43
−17.96) 7 1.98 7.39E−01 -0.43 (
+0.26
−0.17) -0.11 -1.8 CNS CN
2154+40 0.23−4.85 2.52E+01 (+1.2
−20.2) -1.40E−01 (
+0.06
−0.45) 4.00E−01 (
+19.95
−0.40 ) 11 24.50 1.86E−03 -0.29 (
+0.11
−0.08) -0.16 -1.6 CD CN
2210+29 0.4−1.6 2.00E+01 (+1.0
−20.0) -7.00E−02 (
+2.07
−1.93) 3.20E−01 (
+20.49
−0.32 ) 4 0.43 5.14E−01 -0.16 (
+0.16
−0.13) -0.08 -1.5 − −
2224+65 0.408−1.7 5.00E+01 (+0.8
−47.6) -1.40E−01 (
+0.03
−1.61) 1.60E−01 (
+46.71
−0.16 ) 7 19.60 6.03E−04 -0.29 (
+0.11
−0.07) -0.16 -1.9 T PCN
2227+61 0.4−1.6 4.70E−01 (+4.93
−0.46) -3.66E+00 (
+2.82
−4.55) 2.40E+01 (
+1.65
−4.49) 5 15.50 4.40E−04 -0.36 (
+0.18
−0.12) -0.01 -2.6 − −
2255+58 0.6−2.7 1.98E+01 (+1.6
−19.8) -1.30E−01 (
+2.13
−1.87) 0.00E+00 (
+20.55
0 ) 7 18.40 1.04E−03 -0.28 (
+0.70
−0.32) -0.15 -2.1 CRS −
2303+30 0.4−1.72 7.80E+00 (+1.00
−7.80) -9.00E−02 (
+2.09
−1.91) 2.40E−01 (
+8.52
−0.24) 6 2.14 5.45E−01 -0.20 (
+1.48
−0.32) -0.10 -2.3 CNS CR
2306+55 0.4−1.6 2.50E+01 (+0.8
−24.8) -9.00E−02 (
+0.07
−1.91) 4.00E−02 (
+25.16
−0.04 ) 4 0.28 5.99E−01 -0.20 (
+0.16
−0.13) -0.11 -1.9 CD CN
2310+42 0.23−10.6 1.54E+01 (+1.4
−15.4) -5.00E−02 (
+2.05
−1.95) 3.00E−01 (
+16.24
−0.30 ) 8 2.94 7.09E−01 -0.12 (
+0.21
−0.17) -0.06 -1.9 CNS CN
2315+21 0.23−4.85 8.60E+00 (+1.20
−8.60) -6.00E−02 (
+2.06
−1.94) 1.80E−01 (
+9.67
−0.18) 6 0.64 8.88E−01 -0.14 (
+0.53
−0.28) -0.07 -2.1 CNS CR
2319+60 0.23−4.85 4.42E+00 (+19.38
−3.82 ) -8.01E−01 (
+0.69
−1.36) 1.79E+01 (
+3.51
−17.89) 13 14.70 1.46E−01 -0.29 (
+0.16
−0.15) -0.10 − T CRCN
2324+60 0.6−2.7 2.68E+01 (+2.2
−26.8) -2.10E−01 (
+2.21
−1.79) 1.00E−01 (
+26.61
−0.10 ) 6 2.93 4.02E−01 -0.41 (
+0.43
−0.25) -0.23 − − CN
2327−20 0.243−3.1 1.10E+00 (+6.50
−1.10) -5.95E−01 (
+10.59
−9.41 ) 5.95E+00 (
+1.53
−5.95) 10 7.07 4.25E−01 -0.19 (
+0.68
−0.25) -0.07 -2.0 T PCN
2351+61 0.4−4.85 8.72E+00 (+4.68
−8.71) -2.35E−01 (
+0.23
−6.53) 3.58E+00 (
+8.92
−3.58) 7 3.60 4.65E−01 -0.33 (
+0.32
−0.23) -0.18 -1.1 − −
The abbreviations in the last two columns mean the following profile types: in the classification from Rankin (1990), CNS - conal single, CRS - core single, CD - conal double,
T - triple, M - Multiple; in the classification from Lyne & Manchester (1988), CN - cone, PCN - partial cone, CRCN - both core and cone.
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Table 3
Parameters for 40 group-B pulsars.
PSR B Freq. (GHz) A µ W10,0(
◦) N χ2min Q η η
′ α R90 LM88
0105+65 0.4−1.72 3.75E−08 (
+17
−3.75E−8
) -1.90E+01 (
+94.95
−76.05
) 1.58E+01 (
+1.23
−15.81
) 7 14.50 1.16E−02 -7.63E−02 (
+0.15
−0.14
) -4.03E−12 -1.9 CRS CN
0136+57 0.4−4.75 7.16E+00 (
+5.64
−7.16
) 6.20E−04 (
+2.00
−2.00
) 4.53E+00 (
+8.41
−4.53
) 7 2.55 6.31E−01 9.48E−04 (
+0.49
−0.37
) 4.72E−04 − CRS CN
0450−18 0.23−4.9 6.27E−02 (
+26.14
−6.27E−2
) 1.91E+00 (
+8.09
−11.91
) 2.50E+01 (
+1.33
−25.05
) 13 7.24 1.27E−01 5.07E−02 (
+0.23
−0.19
) 4.62E−02 -2.0 T CRCN
0540+23 0.243−10.6 9.45E−03 (
+25.19
9.45E−3
) -4.74E+00 (
+23.74
−19.26
) 2.40E+01 (
+0.98
−24.03
) 17 19.00 1.68E−01 -2.94E−02 (
+0.17
−0.14
) -7.95E−05 − − PCN
0611+22 0.243−4.9 4.71E−02 (
+3.75
−3.71E−1
) -3.77E+00 (
+3.38
−1.63
) 1.41E+01 (
+1.02
−3.56
) 14 16.30 1.34E−01 -9.53E−02 (
+0.07
−0.15
) -9.32E−04 -2.1 CRS CN
0740−28 0.408−10.6 1.58E+01 (
+1.2
−15.8
) -2.00E−02 (
+2.02
−1.98
) 1.40E−01 (
+16.47
−0.14
) 15 27.90 5.69E−03 -4.83E−02 (
+0.22
−0.26
) -2.43E−02 -2.0 CRS PCN
0751+32 0.4−4.85 1.22E−05 (
+25.4
−1.22E−5
) -1.31E+01 (
+65.12
−52.88
) 2.46E+01 (
+0.92
−24.56
) 6 3.79 3.10E−01 -7.66E−02 (
+0.21
−0.13
) -6.00E−09 -1.5 CD −
0809+74 0.23−4.9 1.37E−09 (
+27.6
−1.37E−9
) 1.32E+01 (
+52.84
−66.16
) 2.69E+01 (
+0.87
−26.9
) 14 11.40 4.96E−01 5.39E−02 (
+0.09
−0.13
) 5.39E−02 -1.4 CNS PCN
0818−13 0.4−4.9 1.04E+01 (
+1.0
−10.4
) -4.00E−02 (
+2.04
−1.96
) 2.00E−01 (
+11.3
−0.20
) 11 1.59 9.91E−01 -9.33E−02 (
+0.30
−0.22
) -4.76E−02 -2.3 CNS CN
0820+02 0.4−1.6 2.40E−01 (
+15.56
−0.24
) 3.30E−01 (
+1.67
−2.33
) 1.48E+01 (
+0.96
−14.8
) 4 0.13 7.18E−01 1.51E−02 (
+1.08
−0.19
) 9.02E−03 -2.4 CNS −
0834+06 0.243−4.9 1.86E−02 (
+9.98
−1.86E−2
) 2.23E+00 (
+8.77
−12.23
) 9.44E+00 (
+0.73
−9.44
) 19 12.70 6.98E−01 6.67E−02 (
+0.76
−0.28
) 6.25E−02 -2.7 CD CN
0906−17 0.243−4.85 1.43E−01 (
+21.06
−0.14
) 1.41E+00 (
+8.59
−11.41
) 2.04E+01 (
+0.91
−20.43
) 11 8.77 3.63E−01 6.28E−02 (
+0.33
−0.17
) 5.30E−02 -1.4 − PCN
0942−13 0.23−4.85 1.27E−07 (
+8.0
−1.27E−7
) -1.09E+01 (
+54.89
−43.11
) 7.26E+00 (
+0.80
−7.26
) 9 4.66 6.21E−01 -3.76E−04 (
+1.15
−0.41
) -4.47E−10 -3.0 CRS CR
0950+08 0.23−8.4 3.42E−01 (
+30.46
−0.34
) 2.38E−01 (
+9.76
−10.24
) 2.97E+01 (
+1.37
−29.67
) 16 38.20 2.63E−06 7.43E−03 (
+0.06
−0.07
) 4.23E−03 -2.2 CNS CN
1540−06 0.23−1.72 9.40E+00 (
+1.20
−9.40
) -2.00E−02 (
+2.02
−1.98
) 1.20E−01 (
+10.48
−0.12
) 9 3.87 6.94E−01 -4.81E−02 (
+2.19
−0.33
) -2.42E−02 -2.0 CNS −
1552−31 0.41−1.6 1.88E+01 (
+6.6
−18.8
) -2.00E−02 (
+2.02
−1.98
) 5.60E+00 (
+19.86
−5.6
) 5 0.61 7.38E−01 -3.77E−02 (
+1.06
−0.22
) -1.89E−02 -1.6 − CN
1649−23 0.4−1.6 8.79E−02 (
+11.91
−8.79E−2
) -1.64E+00 (
+11.64
−8.36
) 1.11E+01 (
+1.00
−11.1
) 5 0.01 9.97E−01 -3.38E−02 (
+0.31
−0.31
) -3.95E−03 -1.7 − CR
1702−19 0.243−4.85 1.72E+01 (
+0.8
−17.2
) -3.00E−02 (
+2.03
−1.97
) 7.00E−02 (
+17.72
−0.07
) 12 5.06 8.29E−01 -7.18E−02 (
+0.22
−0.14
) -3.64E−02 -1.3 T CN
1718−32 0.6−1.6 1.66E+01 (
+1.2
−16.6
) 3.00E−02 (
+1.97
−2.03
) 6.00E−02 (
+17.80
−0.06
) 5 0.49 7.81E−01 7.74E−02 (
+2.51
−0.43
) 3.78E−02 -2.3 − CN
1727−47 0.243−3.1 3.85E−02 (
+11.36
−3.85E−1
) -3.33E+00 (
+16.33
−13.67
) 1.07E+01 (
+0.65
−10.7
) 7 15.10 4.70E−03 -7.06E−02 (
+1.04
−0.21
) -1.15E−03 − T CN
1737−30 0.92−8.4 1.70E−04 (
+7.40
−1.70E−4
) 4.27E+00 (
+1.60
−4.27
) 6.50E+00 (
+1.03
−6.50
) 6 15.30 1.65E−03 2.21E−02 (
+0.66
−0.02
) 2.20E−02 -1.3 − −
1745−12 0.6−4.85 2.52E+00 (
+18.48
−2.52
) 2.35E−01 (
+9.76
−10.24
) 1.70E+01 (
+3.97
−17.01
) 5 1.00 6.10E−01 8.52E−02 (
+0.37
−0.94
) 4.69E−02 -2.1 M −
1749−28 0.4−4.9 5.94E−02 (
+8.94
−5.94E−2
) -1.84E+00 (
+11.84
−8.16
) 8.16E+00 (
+0.48
−8.16
) 11 5.92 6.64E−01 -3.76E−02 (
+0.83
−0.33
) -3.50E−03 − CRS CRCN
1822+00 0.6−10.7 2.14E+01 (
+1.0
−21.4
) 1.00E−02 (
+1.99
−2.01
) 3.00E−01 (
+22.10
−0.30
) 15 40.10 6.95E−05 2.49E−02 (
+0.08
−0.15
) 1.23E−02 -2.4 − −
1831−04 0.6−4.85 1.19E+02 (
+14
−118
) 4.00E−02 (
+1.45
−0.03
) 1.32E+01 (
+118.48
−13.2
) 5 19.40 5.98E−05 9.41E−02 (
+0.07
−0.06
) 4.59E−02 -1.3 M CRCN
1839+56 0.23−4.85 1.18E+01 (
+1.2
−11.8
) -3.00E−02 (
+2.03
−1.97
) 3.60E−01 (
+12.80
−0.36
) 7 1.11 8.92E−01 -7.00E−02 (
+0.69
−0.30
) -3.55E−02 -1.5 − CN
1844−04 0.6−1.6 1.86E+01 (
+1.0
−18.6
) -2.00E−02 (
+2.02
−1.98
) 2.00E−02 (
+19.50
−0.02
) 4 0.14 7.13E−01 -4.86E−02 (
+1.35
−0.29
) -2.45E−02 -2.2 CRS −
1845−01 0.92−10.6 1.90E+01 (
+3.0
−19.0
) 3.00E−02 (
+1.97
−2.03
) 1.60E+00 (
+20.46
−1.60
) 5 1.87 3.92E−01 7.15E−02 (
+0.22
−0.40
) 3.51E−02 -1.6 CT CRCN
1905+39 0.4−1.6 1.88E+01 (
+3.2
−18.8
) -3.00E−02 (
+2.03
−1.97
) 2.40E+00 (
+19.61
−2.40
) 5 3.21 2.01E−01 -6.42E−02 (
+0.52
−0.16
) -3.24E−02 -2.0 M CN
1919+21 0.243−3.1 1.18E+01 (
+0.6
−11.8
) 1.00E−02 (
+1.99
−2.01
) 5.00E−02 (
+12.52
−0.05
) 14 15.70 1.53E−01 2.52E−02 (
+0.34
−0.21
) 1.24E−02 -2.6 M CN
1923+04 0.4−4.85 3.00E−01 (
+10.10
−0.30
) -4.00E−02 (
+2.04
−1.96
) 9.20E+00 (
+1.34
−9.20
) 5 5.44 6.60E−02 -3.11E−03 (
+0.44
−0.34
) -1.51E−03 -2.7 CNS −
1937−26 0.243−3.1 1.04E+01 (
+1.0
−10.4
) -2.00E−02 (
+2.02
−1.98
) 2.60E−01 (
+11.03
−0.26
) 10 25.70 5.68E−04 -4.75E−02 (
+0.29
−0.22
) -2.39E−02 -0.9 − PCN
2000+40 0.4−1.6 1.17E−01 (
+21.48
−1.17E−1
) -1.00E+00 (
+11.00
−9.00
) 2.04E+01 (
+1.19
−20.41
) 5 0.54 7.40E−01 -1.31E−02 (
+0.27
−0.26
) -2.91E−03 -2.2 − −
2016+28 0.23−10.7 1.50E+01 (
+0.6
−15.0
) -2.00E−02 (
+2.02
−1.98
) 6.00E−02 (
+15.47
−0.06
) 14 22.80 1.89E−02 -4.85E−02 (
+0.12
−0.12
) -2.44E−02 -2.2 CNS CN
2044+15 0.23−1.4 5.60E−07 (
+17.60
−5.60E−7
) -1.02E+01 (
+51.21
−40.79
) 1.66E+01 (
+1.02
−16.57
) 6 1.94 6.78E−01 -3.89E−04 (
+0.26
−0.25
) -1.09E−09 -1.7 CD CN
2106+44 0.6−1.6 3.28E+01 (
+1.2
−32.8
) -2.00E−02 (
+2.02
−1.98
) 3.40E−01 (
+33.75
−0.34
) 4 2.40 1.21E−01 -4.82E−02 (
+0.77
−0.22
) -2.43E−02 -1.4 − CN
2110+27 0.4−4.85 1.00E−01 (
+7.30
−0.10
) -2.00E+00 (
+4.00
−0.01
) 6.40E+00 (
+1.13
−6.40
) 6 1.51 6.80E−01 -8.84E−02 (
+0.87
−0.45
) -7.25E−03 -2.2 CNS −
2111+46 0.23−4.85 7.20E+01 (
+1.6
−72.0
) 3.00E−02 (
+1.97
−2.03
) 2.80E−01 (
+72.69
−0.28
) 10 115.00 0.00E+00 7.74E−02 (
+0.10
−0.08
) 3.78E−02 -2.1 T CRCN
2152−31 0.23−1.56 5.42E−07 (
+12.40
−5.42E−7
) -1.03E+01 (
+51.33
−41.67
) 1.17E+01 (
+0.94
−11.66
) 6 2.74 5.00E−01 -6.03E−04 (
+0.34
−0.34
) -1.44E−09 -2.3 − CN
2334+61 0.4−1.6 2.58E+01 (
+1.2
−25.8
) 2.00E−02 (
+1.98
−2.02
) 2.80E−01 (
+26.74
−0.28
) 5 0.62 7.32E−01 5.06E−02 (
+1.04
−0.20
) 2.49E−02 -1.7 − −
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Table 4
Parameters for 29 group-C pulsars.
PSR B Freq. (GHz) A µ W10,0(
◦) N χ2min Q η η
′ α R90 LM88
0138+59 0.4−1.72 1.10E+00 (+31.70
−1.10 ) 1.22E+00 (
+8.78
−11.22) 3.07E+01 (
+2.05
−30.71) 8 3.28E+01 4.57E−06 0.23 (
+0.31
−0.30) 0.18 -1.9 − PCN
0320+39 0.23−4.85 2.35E+00 (+3.85
−2.03) 1.19E+00 (
+1.21
−0.52) 8.62E+00 (
+1.65
−3.08) 5 1.68E+00 4.37E−01 1.54 (
+0.33
−0.27) 0.97 -2.9 CNS −
0626+24 0.23−4.85 4.04E+00 (+14.56
−4.04 ) 3.04E−01 (
+9.70
−10.30) 1.35E+01 (
+5.16
−13.47) 7 2.37E+00 6.78E−01 0.21 (
+0.44
−0.33) 0.11 -1.6 CRS −
1254−10 0.4−4.85 1.78E+01 (+1.0
−15.2) 1.90E−01 (
+0.83
−0.10) 3.40E−01 (
+15.41
−0.34 ) 5 2.67E+00 2.63E−01 0.59 (
+0.48
−0.33) 0.26 -1.8 − −
1556−44 0.631−3.1 2.00E+01 (+0.2
−1.2) 3.80E−01 (
+0.03
−0.02) 0.00E+00 (
+1.36
0 ) 9 2.30E+01 7.80E−04 1.58 (
+0.13
−0.10) 0.60 − CRS PCN
1600−27 0.4−1.6 1.62E+01 (+1.2
−15.8) 1.70E−01 (
+1.83
−0.13) 4.00E−01 (
+15.95
−0.40 ) 5 8.38E−02 9.59E−01 0.51 (
+3.17
−0.41) 0.23 -1.7 − CN
1642−03 0.243−4.9 1.06E+00 (+1.54
−0.72) 1.61E+00 (
+0.74
−0.59) 6.67E+00 (
+1.21
−1.78) 19 1.06E+02 3.11E−15 1.90 (
+0.70
−0.54) 1.36 -2.3 CRS CRCN
1732−07 0.243−3.1 1.82E+01 (+0.8
−17.0) 1.00E−01 (
+0.76
−0.06) 8.00E−02 (
+17.28
−0.08 ) 10 3.57E+01 8.32E−06 0.28 (
+0.20
−0.17) 0.13 -1.9 − −
1737+13 0.243−4.85 2.10E+01 (+2.6
−21.0) 7.00E−02 (
+1.93
−0.06) 1.80E+00 (
+21.42
−1.80 ) 16 6.03E+01 4.71E−08 0.18 (
+0.17
−0.15) 0.08 -1.5 M CRCN
1742−30 0.4−3.1 2.04E+01 (+1.0
−20.2) 1.00E−01 (
+1.9
−0.06) 2.60E−01 (
+20.70
−0.26 ) 10 2.05E+01 4.65E−03 0.28 (
+0.19
−0.17) 0.13 -1.6 T −
1818−04 0.6−4.9 1.16E+01 (+1.2
−11.6) 1.60E−01 (
+1.84
−2.16) 0.00E+00 (
+12.90
0 ) 10 7.63E+00 3.67E−01 0.49 (
+0.76
−0.53) 0.22 -2.4 T −
1821+05 0.4−4.85 2.68E+01 (+3.2
−26.8) 6.00E−02 (
+1.94
−2.06) 2.20E+00 (
+27.87
−2.20 ) 13 2.97E+01 9.48E−04 0.15 (
+0.27
−0.21) 0.07 -1.7 T CRCN
1822−09 0.4−1.6 1.40E+01 (+1.2
−13.4) 1.80E−01 (
+1.82
−0.14) 3.00E−01 (
+13.43
−0.30 ) 5 6.61E+00 3.67E−02 0.55 (
+3.00
−0.43) 0.25 -1.3 T PCN
1839+09 0.4−4.85 1.44E+01 (+1.2
−14.4) 4.00E−02 (
+1.96
−2.04) 1.20E−01 (
+15.60
−0.12 ) 7 4.18E+00 3.82E−01 0.10 (
+0.46
−0.34) 0.05 -2.0 CRS CN
1851−14 0.4−1.6 1.93E−01 (+15.81
−1.93E−1) 1.54E+00 (
+8.46
−11.54) 1.50E+01 (
+1.21
−14.96) 6 1.19E+01 7.80E−03 0.14 (
+0.44
−0.43) 0.12 -0.8 − −
1900+01 0.6−4.85 1.04E+01 (+1.4
−10.4) 5.00E−02 (
+1.95
−2.05) 5.00E−02 (
+11.79
−0.05 ) 6 2.70E+00 4.40E−01 0.13 (
+0.99
−0.59) 0.06 -1.9 CRS CN
1907+10 0.4−2.65 8.23E+00 (+7.57
−8.23) 4.41E−01 (
+9.56
−10.44) 6.05E+00 (
+9.52
−6.05) 8 4.80E+00 4.44E−01 0.96 (
+20.63
−1.00 ) 0.45 -2.5 CRS CN
1911+13 0.6−4.85 8.90E−02 (+15.31
−8.90E−2) 2.37E+00 (
+9.63
−12.37) 1.45E+01 (
+0.90
−14.53) 6 4.60E+00 2.01E−01 0.26 (
+0.97
−1.16) 0.24 -1.5 T −
1911−04 0.243−4.85 7.20E+00 (+0.80
−7.13) 1.60E−01 (
+1.84
−0.13) 7.00E−02 (
+7.50
−0.07) 15 7.22E+00 8.43E−01 0.49 (
+0.63
−0.40) 0.22 -2.6 CRS CRCN
1914+09 0.6−4.85 1.72E+01 (+1.4
−17.2) 1.10E−01 (
+1.89
−2.11) 2.20E−01 (
+18.46
−0.22 ) 5 1.55E+01 4.38E−04 0.31 (
+0.69
−0.45) 0.15 -2.3 T CN
1915+13 0.43−4.85 1.56E+01 (+3.2
−15.6) 5.00E−02 (
+1.95
−2.05) 1.20E+00 (
+17.61
−1.2 ) 7 9.89E−01 9.11E−01 0.12 (
+0.61
−0.48) 0.06 -1.8 CRS PCN
1920+21 0.6−1.6 1.82E+01 (+1.2
−18.2) 7.00E−02 (
+1.93
−2.07) 3.00E−02 (
+19.43
−0.03 ) 5 2.45E+00 2.93E−01 0.19 (
+2.29
−0.46) 0.09 -2.2 T CN
1933+16 0.43−4.9 6.02E−01 (+8.00
−0.53) 1.97E+00 (
+1.51
−1.6 ) 8.39E+00 (
+1.79
−8.39) 11 2.79E+01 4.94E−04 1.58 (
+1.14
−0.88) 1.29 -1.7 CRS CRCN
1940−12 0.4−1.6 9.00E+00 (+1.00
−9.00) 1.50E−01 (
+1.85
−2.15) 1.80E−01 (
+9.54
−0.18) 5 2.75E+00 2.52E−01 0.44 (
+4.71
−0.58) 0.20 -2.4 CNS −
1943−29 0.4−1.4 9.40E+00 (+1.00
−9.40) 6.00E−02 (
+1.94
−2.06) 3.40E−01 (
+10.03
−0.34 ) 4 2.47E+00 1.16E−01 0.16 (
+2.66
−0.43) 0.07 -2.0 − −
1944+17 0.4−2.38 4.00E+01 (+0.8
−29.2) 2.10E−01 (
+0.59
−0.05) 0.00E+00 (
+28.98
0 ) 11 1.28E+01 1.17E−01 0.69 (
+0.33
−0.18) 0.30 -1.3 CT −
1946+35 0.6−2.65 1.42E+01 (+1.0
−12.4) 2.60E−01 (
+0.92
−0.13) 7.00E−02 (
+12.78
−0.07 ) 7 2.60E+01 3.12E−05 0.91 (
+0.66
−0.51) 0.38 -2.4 CRS CRCN
2053+36 0.6−4.85 6.11E−01 (+14.39
−6.11E−1) 1.14E+00 (
+8.86
−11.14) 1.29E+01 (
+2.22
−12.89) 5 1.98E+00 3.74E−01 0.27 (
+0.83
−1.23) 0.20 -1.9 CRS PCN
2217+47 0.23−4.9 4.61E+00 (+7.59
−4.55) 4.56E−01 (
+2.34
−0.42) 6.52E+00 (
+5.29
−6.52) 10 7.73E+00 3.63E−01 0.67 (
+0.85
−0.57) 0.35 -2.6 CRS PCN
3
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Table 5: Pulsars that have been studied on the fre-
quency dependence of pulse width or component
separation in literature
PSR B
0031−07 4,5 0037+56 7 0053+47 7,∗ 0138+59 7 0144+59 7 0149−16 5
0301+19 3,5−7 0329+54 2−4,6 0402+61 7,† 0450−18 7,† 0525+21 2−4,6 0559−05 7
0609+37 7 0611+22 7 0626+24 7,† 0628−28 4,5,7 0643+80 7 0751+32 7
0756−15 7,∗ 0809+74 4,7 0818−13 5,7 0823+26 4,5 0834+06 2−5,7,† 0906−17 7,†
0919+06 5 0942−13 7 0943+10 5,∗ 0950+08 5 J1022+10 7,∗ 1039−19 7
1133+16 1−6 1237+25 2,3,5,6 1254−10 7 1449−64 4,∗ 1508+55 3 1541+09 5,7
1552−23 7 1604−00 5,7 1612+07 7 1620−09 7 1642−03 4,5 1702−19 7
1706−16 4,5 1709−15 7,∗ J1713+07 7,∗ 1717−16 7 1737+13 7 1738−08 7
1745−12 7 1749−28 4 1750−24 7,∗ 1753+52 7,∗ 1758−23 7 1805−20 7,∗
1815−14 7,∗ 1817−13 7,∗ 1818−04 7,† 1819−22 7 1820−11 7,∗ 1821+05 5,7
1821−11 7,∗ 1822−09 4 1822−14 7,∗ 1823−13 7,∗ 1829−08 7,∗ 1830−08 7,∗
1831−04 7 1839+09 7 1839+56 7 1841−05 7,∗ 1842+14 5 1849+00 7,∗
1855+02 7,∗ 1855+09 7,∗ 1857−26 5,∗ 1859+07 7,∗ 1900+01 7 1900+06 7,∗
1905+39 7 1907+03 7 1911+13 7 1911−04 7 1913+10 7,∗ 1914+09 7
1914+13 7,∗ 1915+13 7 1916+14 7 1919+21 2−5,8,† 1923+04 7 1929+10 3
1933+16 4 2000+32 7 2000+40 7 2002+31 7 2011+38 7,∗ 2016+28 4,5,7
2020+28 3,5,6 2045−16 2,3,5−7 2053+36 7 2110+27 7 2111+46 7 2148+52 7
2148+63 7 J2145−07 7,∗ 2154+40 7 2303+30 7 2310+42 7 2319+60 3
2315+21 7 2334+61 7
* Pulsars not used in this paper.
† Pulsars with the increasing component separation or pulse width identified by previous studies.
References: 1-Craft & Comella 1968, 2-Lyne et al. 1971, 3-Sieber et al. 1975, 4-Rankin 1983b, 5-Slee et al. 1987, 6-Thorsett
1991, 7-Kijak et al. 1998, 8-Hassall et al. 2012
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Table 6: Pulsars that have been studied on the
RFM in literature
Group-A PSR B
0301 + 191,7,8,9 0329 + 543,5,6,8,9 0355 + 544,5,6 0525 + 211,4,7,8,9 0535 + 284,∗ 0628− 287
0823 + 261,2,4,5 0919 + 061,2,4,5 J1022 + 10016,∗ 1039− 197 1133 + 161−9 1237 + 258,9
1530 + 271 1604− 008,† 1706− 163,5,6 1811 + 407 1839− 047 1855 + 096,∗∗
1913 + 161,∗∗ 1916 + 147 1929 + 101,5 2011 + 387,∗ 2020 + 283,5,6,8,9 2021 + 514,5,6,7
2045− 163,4,7,8,9 2154 + 407 2306 + 557 2310 + 423,6 2319 + 603,4,6,7 2324 + 607
Group-B PSR B
0540 + 231,4,5,6 0611 + 221 0740− 283,4,5 0834 + 068,† 0809 + 744 0950 + 081,2,4
1702− 197 J1713 + 07476,∗ 1822− 096 1845− 013,6 1919 + 218,† 2323 + 637,∗
Group-C PSR B
1642− 033,6 1737 + 131,7 1915 + 136
* Not used in this paper.
** Millisecond pulsars, not used in this paper.
† Regarded as none frequency dependence by Mitra & Rankin (2002). Except these three pulsars, all the other pulsars in this
table are classified as pulsars with a negative RFM index in the references.
References: 1-Blaskiewicz et al. 1991, 2-Phillips 1992, 3-Kramer et al. 1994, 4-Hoensbroech & Xilouris 1997, 5-Kramer et al.
1997, 6-Kijak & Gil 1998, 7-Wu et al. 2002, 8-Mitra & Rankin 2002, 9-Wang et al. 2013
Table 7: Result of Student’s t-test for the mean
spectral indices of pairs of groups.
Parameter A B C
αm -1.71 -1.92 -1.94
σα 0.53 0.48 0.55
ηm -26.3 -0.01 53.4
ση 10.9 0.06 50.3
t− test (A,B) (A,C) (B,C)
p 0.045 0.05 0.86
c [0.005, 0.423] [0, 0.47] [-0.23, 0.28]
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